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Abstract 
 
Sustainable Materials and Process Techniques for Engineering Solution-Based 
Organic Light-Emitting Devices 
 
Advances in organic light emitting devices are crucial for the development of the display and 
solid state lighting (SSL) technologies. This dissertation is organized and pursued in three main 
projects to meet some problems in the field.  
Printing technologies can be the key to next-generation affordable, flexible, large area displays 
and lighting elements by eliminating vacuum processing. In the first part of the thesis, the 
conventional gravure printing technique was adapted for the processing of emissive layers in 
the small molecule based organic light-emitting diodes (OLEDs) and light-emitting 
electrochemical cells (LECs). The homogeneous printed layers were granted by either modifying 
the functional ink properties or altering the printing process parameters. Different functional 
inks comprising the small molecule as an emissive material were formulated by adjusting 
viscosity, surface tension, and solvent drying kinetics of the inks. As for the process parameters, 
the gravure cell parameters such as line screen and tone values were altered to control the 
overall transfer volume of the ink and the thickness of the printed layers. In both cases, the 
electrically inert polymers were used as host materials to modify the rheological behavior of 
the ink while suppressing the aggregation of the small molecule in a solid film. The thin film 
characteristics of printed layers were analyzed in both qualitative and quantitative ways. The 
printed films were successfully implemented in the active layer of efficient small molecule 
based electroluminescent devices on flexible plastic foil. The optical and electrical device 
performance were considered as well as the effect of the printing process in comparison to 
spin-coated pristine small molecule based reference devices. The quality and performance of 
the printed emissive layers in both device type showed that the gravure printing method can be 
an alternative solution for wet-processing roll-to-roll (R2R) manufacturing in the future.  
White light-emitting diodes draw particular attention in the field, due to their potential 
application as the backlight in displays or as energy efficient luminaires for SSL. Even though 
polymer OLEDs are well-suited for wet-based continues R2R fabrication, evaporation of low 
work function cathodes and therewith encapsulation remain as major obstacles. In the second 
part of the work, a novel hybrid device architecture was suggested for the color-tuning and 
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white light emission in polymer light-emitting diodes. The single component polymer LEC layer 
performed as the electron injection layer as well as the second emissive layer on top of a 
conventional polymer OLED stack. The hybrid structure maintained a sufficient charge carrier 
injection from an air-stable cathode, due to the unique operation principles of LECs. As a proof 
of charge transport at the intersection of two emissive layers, dual color emission was 
simultaneously observed in a bilayer device configuration. A color-tuning in emission was 
obtained by changing the thickness of the LEC layer. The emission of hybrid devices was shifted 
from yellow to white light emission region of the CIE color chromaticity diagram, resulting in 
OLEDs with the high color temperature values. The results demonstrated that this approach 
showed a promising potential to achieve color-tuning and white light emission from solution 
processed OLEDs bearing air-stable cathodes. 
Sustainable bioelectronics is an emerging technology which to replace conventional electronics 
with disposable counterparts in the future. Thus, bioinspired and bioderived materials usage in 
organic electroluminescent devices gained much attention in the last years. In the last part of 
the thesis, we investigated biodegradable natural and naturally derived polymers such as 
gelatin, deoxyribonucleic acid (DNA) as the ion-solvating polymers in the emissive layer of 
polymer LECs. Notably, we focused on DNA and DNA-lipid complex based polyelectrolytes due 
to the unique hybrid ionic/electronic conductivity behavior of DNA. Different solid polymer 
electrolytes (SPE) were tested with varying additives of salts at different ratios towards 
improving the ionic conductivity. Additionally, the electrochemical stability window of SPEs was 
defined to eliminate nonreversible electrochemical side reactions during device operation. The 
optoelectrical device characteristics, as well as lifetime measurements, were obtained to 
determine the stability of LECs. Furthermore, the surface morphology of the active layers was 
investigated to characterize the phase separation between SPE and emissive polymer and 
aggregations in thin films, which have a significant influence on the device performance. 
Biosolid polymer electrolytes were successfully implemented in LECs as promising materials of 
bio-based LECs.  
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Zusammenfassung 
 
 Nachhaltige Materialien und Prozessierungstechnologien für die Entwicklung 
flüssig-prozessierter organischer Leuchtdioden 
 
Fortschritte im Bereich organischer, lichtemittierender Bauteile sind unerlässlich für die 
Entwicklung neuer Bildschirm- und Feststoffbeleuchtungstechnologien. Diese Dissertation ist 
thematisch in drei Projekte unterteilt, welche jeweils einige der Probleme in diesem 
Forschungsfeld adressieren. 
Drucktechnologien könnten durch die Eliminierung aufwendiger Vakuumprozessschritte der 
Schlüssel zur Realisierung kostengünstiger, flexibler und großflächiger Bildschirme und 
Beleuchtungselemente der nächsten Generation sein. Im ersten Projekt wurde konventioneller 
Tiefdruck für die Prozessierung der Emissionsschicht organischer Leuchtdioden (OLEDs) und 
lichtemittierender elektrochemischer Zellen (LECs) auf der Basis kleiner Moleküle untersucht. 
Homogene gedruckte Schichten wurden entweder durch Anpassung der funktionellen Tinte 
oder der Druckprozessparameter erzielt. Es wurden verschiedene funktionelle Tinten, welche 
kleine Moleküle als Emitter beinhalteten, formuliert und Viskosität, Oberflächenspannung und 
Trocknungsverhalten eingestellt. Hinsichtlich der Prozessparameter wurden Raster und 
Tonwert des Tiefdruckzylinders angepasst, um das transferierte Tintenvolumen und damit die 
Dicke der gedruckten Filme einzustellen. Elektrisch inerte Polymere wurden dabei als Matrix 
genutzt, um die rheologischen Eigenschaften der Tinte zu beeinflussen und gleichzeitig eine 
Agglomeration der kleinen Moleküle im resultierenden Materialfilm zu unterdrücken. Die 
Dünnfilmeigenschaften der gedruckten Schichten wurden sowohl qualitativ als auch quantitativ 
untersucht. Die Druckergebnisse wurden weiterhin erfolgreich als Aktivschicht in effizienten 
elektrolumineszenten Bauteilen auf Plastikfolien eingesetzt. Die optischen und elektrischen 
Bauteileigenschaften wurden im Hinblick auf Einflüsse des Druckprozesses untersucht und mit 
Referenzbauteilen ohne Polymermatrix, welche durch Rotationsbeschichtung hergestellt 
wurden, verglichen. Der Vergleich der Leistungsfähigkeit der Emissionsschichten zeigte, dass 
Tiefdruck eine mögliche Methode für die zukünftige Herstellung opto-elektrischer Bauteile 
mittels Rolle-zu-Rolle-Verfahren ist. 
Weiß leuchtende Dioden erfahren aufgrund ihrer potentiellen Anwendung als 
Hintergrundbeleuchtung in Bildschirmen und als energieeffizientes Leuchtmittel besondere 
Aufmerksamkeit. Wenngleich polymerbasierte OLEDs mittels Rolle-zu-Rolle basierter 
Nassfilmtechnologien hergestellt werden können, stellen das Aufdampfen der reaktiven 
vi 
 
Kathode und damit einhergehend die Einkapselung der Bauteile Hindernisse dar. Daher wurde 
im zweiten Projekt eine neuartige Hybridbauteilarchitektur vorgeschlagen, welche eine 
Anpassung der Emissionsfarbe in Richtung Weißpunkt ermöglicht. Die hierbei eingesetzte 
polymerbasierte, einkomponentige LEC-Schicht fungiert als Elektroneninjektionsschicht sowie 
als zweite Emissionsschicht und wurde auf einem konventionellen OLED-Aufbau abgeschieden. 
Aufgrund der physikalischen Funktionsweise von LECs garantierte die Hybridstruktur eine 
ausreichende Ladungsträgerinjektion aus einer luftstabilen Kathode. Als Beweis des 
vorliegenden Ladungsträgertransportes an der Grenzfläche der beiden Emissionsschichten 
wurde simultan die Emission beider Materialien beobachtet. Durch Veränderung der Dicke der 
LEC-Schicht konnte die hieraus resultierende Emissionsfarbe angepasst werden. Die Emission 
wurde ausgehend vom gelb-grünen Bereich im CIE Farbraum bis in die Nähe des Weißpunkts 
verschoben und es wurden OLEDs mit einer hohen Farbtemperatur realisiert. Die Ergebnisse 
demonstrieren, dass es sich hierbei um einen vielversprechenden Ansatz handelt, um die 
Emissionsfarbe flüssig hergestellter OLEDs mit luftstabilen Kathoden anzupassen und 
Weißlichtemission zu erzielen. 
Nachhaltige Bioelektronik ist eine aufstrebende Technologie mit dem Ziel, konventionelle in 
Wegwerfprodukten eingesetzte Elektronik zu ersetzen. Daher erfährt die Nutzung biologisch 
inspirierter Materialien in organischen, elektrolumineszenten Bauteilen ein großes Interesse in 
den letzten Jahren. Im dritten Projekt wurden biologisch abbaubare, natürliche Polymere bzw. 
hiervon abgeleitete Materialien wie Gelatine und Desoxyribonukleinsäure (DNS) als Ionen-
lösende Polymere in der Emissionsschicht polymerbasierter LECs untersucht. Der Fokus lag 
hierbei insbesondere auf Polyelektrolyten auf der Basis von DNS und DNS-Lipid-Komplexen 
aufgrund deren einzigartiger hybrider ionisch-/elektronischer Leitfähigkeit. Verschiedene 
Feststoffpolymerelektrolyte (SPEs) wurden mit Salz-Additiven gemischt und im Hinblick auf eine 
Verbesserung der ionischen Leitfähigkeit untersucht. Außerdem wurde das elektrochemische 
Stabilitätsfenster der SPEs bestimmt, um irreversible elektrochemische Nebenreaktionen 
während des Betriebs der Bauteile auszuschließen. Es wurden sowohl die opto-elektrischen 
Eigenschaften als auch die Betriebslebensdauer der elektrochemischen Zellen bestimmt. 
Zusätzlich wurde die Oberfläche der aktiven Schicht der Bauteile im Hinblick auf eine mögliche 
Phasentrennung von SPE und Emittermaterial untersucht, da eine solche üblicherweise einen 
großen Einfluss auf die Performance der Bauteile hat. Biopolymere wurden erfolgreich als 
Feststoffelektrolyt in LECs verbaut und es wurde somit die Machbarkeit von LECs auf der Basis 
biologischer Materialien nachgewiesen. 
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Chapter 1  
Introduction 
 
 
 
Rapid progress in technology and electronics have brought about adverse effects on the 
environment. Global electricity consumption for artificial lighting as well as increasing 
electronic waste generation contributes to these environmental problems. Therefore, there is a 
demand for energy-saving lighting technology such as organic electroluminescent devices and 
sustainable electronics[1]. 
Organic electroluminescent devices studied in this thesis are the main focus for the display and 
solid state lighting (SSL) technology. Their low power consumption during operation, easy and 
low-cost fabrication makes them advantageous over their conventional counterparts[2]. As a 
consequence, organic light-emitting diode (OLED) displays have become the real asset of 
organic semiconductors in large scale electronics production. 
This chapter gives an overview of the technological developments in the field. Afterward, the 
outline of the thesis will be laid out. 
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1.1 General overview and motivation  
There is a close relationship between material development and engineering. While 
engineering describes the demand and design, materials provide the artifacts. Advancements in 
one have triggered advances in the other. New materials and methods to process materials 
lead engineering possibilities which result in novel products or improved product performance. 
For example, everyday products such as light-emitting diode light bulbs, optical-fiber-based 
cable television, compact disc players have been produced thanks to the invention of the 
molecular beam epitaxy process forming compound semiconductor materials at atomic 
level[3].   
The technology is currently evolving at a more rapid pace than at any point in history. As a 
result, modern technology has become indispensable for us. We are surrounded by electronics 
such as sensors, displays, lasers, etc., assisting our daily routine. In the electronics industry, the 
higher demand of the market led to higher energy consumption during the fabrication process. 
The higher energy consumption in the manufacturing process for inorganic semiconductors and 
wafers played a critical role in the electronics evolution where high-quality inorganic 
semiconductors were replaced with less energy required organic semiconductors during their 
fabrication[4]. 
After the discovery of semiconducting polymers in 1977 [5], they became an alternative class of 
materials, owing to features such as lightness, flexibility and solution processability. Organic 
materials have the potential to reduce the cost in fabrication even further, through roll-to-roll 
processing on flexible and cheap plastic or paper sheets as a substrate, using more energy-
efficient manufacturing techniques such as printing and coating[6]. Thanks to the intense 
efforts of researchers during the past 40 years, currently, printed applications in photovoltaics, 
flexible displays, lighting, electronics, and integrated smart systems are a few examples of the 
market that will be revolutionized by organic and printed electronics as pointed out by Organic 
and Printed Electronics Association[7].  
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According to the OE-A Roadmap 2017, OLED displays, the only real presence of organic 
semiconductors in large scale electronics production worldwide, account for the largest share 
of the organic and printed electronics market[7]. So, the organic semiconductors draw 
increasing attention in the field of displays. Several milestones have been made in the 
improvement of the emissive materials used in these devices after the world’s first practical 
OLED released in 1987[8]. Nevertheless, the low charge mobility and air stability of organic 
semiconductors remain the two obstacles for the high performance of organic electronic 
devices comparing to the inorganic ones based on silicon and gallium arsenide. However, the 
efficient and high mobility luminescent materials open up a new gate for the device processing 
in the direction of printing materials by using the most suitable techniques. In the field of 
printing and coating, many of the same methods are common in graphics and the coatings 
industry and require modifications in respect to printing units, process parameters, and ink 
formulations to be used in organic electronics for resolution, film thickness, etc. Related work is 
summarized in Chapter 4 in detail. 
Rapid progress in technology and electronic products have brought about the environmental 
impact which is another major concern of people today. Consumers tend to replace existing 
electronic products when they are damaged or outdated, or a new product is introduced to the 
market. Electronic waste (e-waste) is defined as all types of electrical or electronic equipment 
and its parts that have been discarded without intention for reuse by the owner[9]. Global e-
waste generation was estimated to be 41.8 million tons in 2014 and is expected to reach 65.4 
million tons by 2017[10]. Only an estimated 15 percent of global e-waste can be fully 
recycled[11]. Disposing of it in underdeveloped countries is often unsafe and leads to 
environmental pollution and health problems. During uncontrolled recycling procedures, 
workers are exposed to harmful elements in e-waste[12]. In the quest for sustainable 
electronics, last decade, researchers have explored the use of bio-inspired and bio-derived 
compounds as emerging materials. As reviewed recently, several significant contributions have 
been made in various applications in the field of electronics, photonics, biomedical engineering 
and biomimetics[1]. Organic bioelectronics will, therefore, open a pathway for the possibility of 
replacing disposable electronics with their conventional counterparts in the future. 
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In addition to the cost and environmental problems as mentioned above, another issue is the 
emerging need for energy-saving lighting systems. About 19% of total global electricity 
production is used for artificial lighting, resulting in 1900 Mt of CO2 emission per year[13]. Solid 
State Lighting (SSL) technology based on both inorganic and organic materials has the potential 
for replacing conventional light sources by offering energy-efficient, long-term sustainable 
products. Particularly, SSL based on organic semiconductors in the context of display 
technology, has superior properties with thin, light-weight, flexible light sources deliver 
uniform, warm white light (sunlight-like) illumination without noise, glare or heat problem[14]. 
Progress in the development of white OLEDs, which uses white OLED source and color filters on 
top, has also triggered advancements in OLED lighting. Different approaches have been made 
to obtain white light emission and color-tuning. Further details and relevant work are shown in 
Chapter 5. 
In 1995, light emitting electrochemical cells (LECs) came out[15] as an alternative device 
concept to OLEDs. LECs have always been considered the simplest SSL device[16]. They are 
prominent with fault-tolerant thickness properties for the roll to roll mass processing in 
ambient conditions[17]. In-situ doping characteristic of the device concept enables using air-
stable electrodes and renders the possibility to eliminate encapsulation. However, despite the 
simple device structure, the underlying device physic of LECs is complex. The origin of 
degradation is still not very well understood, and ion-solvating polymers with large 
electrochemical stability window are proposed as a probable solution for better 
performance[16]. Seeking a variety of polyelectrolyte systems suggests the question of how to 
incorporate particularly natural polyelectrolytes in LECs. This approach would also be beneficial 
for the future of sustainable electronics. Related work can be read in Chapter 6 in detail. 
The interplay between materials and engineering is still ongoing by developing widely different 
material systems and different process techniques. Currently, the ultimate goal in the field of 
organic electronics is to search for new materials and methods to achieve fully printed, cheap 
and eco-friendly electronics. Therefore, in this thesis, we have investigated sustainable 
materials and processing methods for engineering electroluminescent devices. 
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1.2 Outline of the thesis 
This thesis spans material characterization and processing techniques, as well as device design. 
The work on the feasibility of various materials for wet processing, in combination with 
different device concepts, will be laid out to address some of the problems which were 
mentioned above. 
First, we adapted the gravure printing technique for printing the organic layers of small 
molecule LEDs on a flexible substrate and confirmed that the strategy used for the ink 
formulation could be transferred to different material combinations. Subsequently, we printed 
solid polymer electrolytes bearing small molecule, to achieve small molecule LECs with air-
stable cathodes. After, we introduced a bilayer hybrid device structure, which enables color-
tuning using LEC as a potential electron injection layer in solution-processed OLEDs with the air-
stable electrodes. Finally, we demonstrated the applicability of biodegradable natural materials 
as solid polymer electrolytes (SPE) systems for LECs as a proof of concept towards degradable 
luminescent devices. The thesis is divided into 7 Chapters. The following is a brief explanation 
of each chapter. 
Chapter 1 gives an overview of the technological developments and problems in the field of 
organic electronics, as well as the outline of the thesis. Chapter 2 describes the fundamentals of 
organic semiconductors in terms of band theory and charge transport. A brief history of organic 
light-emitting devices: fundamental materials and device breakthroughs, besides a basic 
understanding of their operational principles is supplied. An overview of printed organic 
electronics including the state-of-the-art examples and remaining challenges in the field are 
provided afterward. The comparison of different printing techniques is given, and the principle 
of the gravure printing process is elaborated. 
Chapter 3 is devoted to experimental techniques and materials used in this thesis. The chemical 
structures of polymers and other organic compounds are given, and instructions about the 
experimental methods are explained. Working principles of the spectroscopic techniques 
(absorption, photoluminescence, and fluorescence microscopy) and electrochemical techniques 
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(cyclic voltammetry, impedance spectroscopy) are summarized. The physical principles of 
device processing methods and optoelectrical device characterization techniques are 
elaborated. The rheometry technique is explained in detail to define the viscosity behavior of 
ink formulations. The surface analysis techniques (polarized light microscopy, atomic force 
microscopy, and white light interferometry) are discussed for determining the film morphology.  
In Chapter 4, we present the implementation of the gravure printing technique for flexible 
Small Molecule OLEDs and Small Molecule LECs by defining the ink viscosity, the surface tension 
and solvent drying kinetics of the functional inks or altering the gravure cell parameters such as 
line screen and tone value. The film leveling and drying time are considered for a quantitative 
explanation of the printed layer undulations. The rheological properties of the functional ink 
are investigated to grant a homogeneous printed layer for device fabrication. We obtained the 
electrical characterization of the printed layers in the complete device stack. 
In Chapter 5, we introduce a novel device concept, comprising of the light-emitting 
electrochemical cell on top of a conventional OLED bearing a silver (Ag) cathode. The LEC layer 
improves the charge injection from the air-stable electrode while performing as the second 
emissive layer for color-tuning. The presented hybrid device structure can be potentially be 
used to achieve electron injection as well as color-tuning in solution processed OLEDs, 
employing air-stable electrodes.  
Chapter 6 focuses on the investigation of biopolymers as SPEs for LECs by taking advantage of 
their natural ion-conducting mechanism. Different salts and plasticizers are engaged to enhance 
the ionic conductivity which is investigated using impedance spectroscopy. The device 
performances, lifetime characteristics of the devices are obtained. Morphology of the active 
layers is examined to understand efficiency changes.  As the proof of concept; biopolymers are 
utilized successfully as ion solvating polymers within the active layer of LECs. 
Chapter 7 provides a conclusion of the main findings of this thesis and the contribution to the 
field, as well as limitations and suggestions for the future research aspects. 
Chapter 2  
Theoretical background 
 
 
Improvements and novel approaches in electroluminescent devices at lab scale are crucial for 
the development of flexible, bendable, rollable, even stretchable display and lighting elements, 
as well as their large area, low-cost production that would make them more affordable in the 
future. Although state-of-the-art OLED displays are already commercially available; problems 
such as air stability, lifetime, manufacturing costs, etc. remain challenging. Therefore, OLEDs 
are still drawing intense attention of industrial and scientific researchers.  
In this chapter, a brief introduction to the fundamentals of organic semiconductors and the 
physical understanding of charge transport phenomena is presented first. Then, an overview on 
the historical progress of organic light-emitting devices will be laid out: principal materials and 
device breakthroughs; state-of-the-art architectures which those breakthroughs enabled; the 
current processing methods that those device concepts facilitated. After that, we will focus 
illustratively on the device principles and working mechanisms of OLEDs and LECs. A basic 
understanding of their structure and the operational principles are essential to address the 
remaining challenges and to propose possible solutions. 
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2.1 Organic semiconductors and charge transport 
Organic semiconductors (OSCs) are the core elements for the discovery of organic electronics. 
OSCs, in general terms, are π-bonded materials represented by alternating single and double 
bonds (conjugation) within their carbon backbone. They are classified into two main groups 
with low molecular weight materials (small molecules, oligomers) and polymers. In both 
systems, sp2 hybridization of carbon allows the pz orbitals to form π-bonds, and the respective 
π-orbitals are ‘delocalized’ along the molecule, giving rise to electronic mobility along the chain 
and between neighbouring units. However, the conjugated double bonds do not render the 
electrical conductivity. Adding or removing electrons in such a system (doping) may result in 
high electronic conductivity. The pioneering work related to the semiconducting polymers 
concerned on a network, in which a halogen dopant removes an electron from delocalized 
bonding creating a hole[18]. Then, an electron at a neighbouring position jumps and fills that 
hole, generating a new hole and allowing charge to flow through the polymer chain (see Figure 
2.1).  
 
 
Figure 2.1The combination of the charge carrier and the polarization due to the displacement of the atoms is called 
a polaron. A polaron formed by removal of one electron on the 5th carbon atom of an undecahexaene chain (a͢→b). 
The polaran migration shown in (c→͢d). Adapted from ref.[5]. Copyright © The Royal Swedish Academy of Sciences, 
source, https://www.nobelprize.org/ 
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All conjugated polymers posses pz orbitals overlap and form π and π* orbitals. The energies of π 
and π* are defined as the highest occupied molecular orbital (HOMO), the lowest unoccupied 
molecular orbital (LUMO), respectively. The energy difference between HOMO and LUMO 
specifies the electrical band gap of organic material. In such material systems, the lowest 
electronic transition occurs between the π-π* bands via excitation energies between 1.1-3.5 
eV[19]. The excitation energies are usually at the visible spectrum (within 380-750 nm), so the 
materials are defined as optically active. The possibility of changing the HOMO and LUMO levels 
and accordingly tuning band gap via chemical modification is one of the most important 
benefits of OSCs comparing to inorganic counterparts. The color of emission can be controlled 
by tuning the band gap of emissive materials, so that is quite advantageous for OLED display 
applications. 
Charge transport characteristics of OSCs are more complex than in covalently bonded inorganic 
semiconductors that rely on the band transport mechanism. In such a rigid regular or crystalline 
system, strong coupling between atoms and long-range order ensure the delocalization of the 
electronics states. The electron-vibration (phonon) interactions are negligible compared to the 
electronic interactions and results in scattering of the delocalized carriers. However, in organic 
molecules, weak van der Waals forces effect on the intermolecular interactions. The narrow 
energy bands can be easily disrupted by disorder arising from the chemical and physical defects 
in organic materials. Increasing the number of disorders in the system results in more localized 
states in the band. All the states of the band become localized in the case of vigorous disorder, 
so charges jump between the localized states across the interacting molecules. Thus, charge 
transport takes place in the form of hopping mechanism that works for most of OSCs. The 
energy levels of the hopping sites are assumed to be randomly distributed according to a 
Gaussian density of states (DOS) width, σ[20]. The weak van der Waals forces create a weak 
dielectric shielding effect of Coulomb interactions due to randomly oriented polarizations in 
OSCs. This results in the low dielectric constants, which leads to strong binding energy (0.3-1 
eV) between electron and holes [21]. Radiative relaxation of these electron-hole pairs at charge 
transfer state is the basic principle for light emitting diodes.  
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2.2 Organic light-emitting diodes 
Transparent touch-control screens, bendable phones, roll-up and go monitors, wearable or skin 
attached displays were only as science-fiction movie gadgets for us and just a dream 40 years 
ago. Innovations in the last five years, e.g., LG’s 65-inch rollable OLED TV[22], transparent and 
touch-control OLED displays for smart windows[23], Sony’s head-mounted wearable 0.23-inch 
color OLED which performs near-to-eye microdisplay[24] have proved that they are not much 
of a dream anymore. Research on the skin-adaptable displays is still ongoing at laboratory 
scale[25]. OLEDs are recognized as the next-generation display and solid state lighting (SSL) 
technology due to their high display resolution with low power consumptions[2] and efficient 
high-intensity illumination[26], respectively. High picture quality independent on the viewing 
angle, fast response time, high contrast ratio, and high color reproduction features make OLED 
displays superior to LED and LCD. 
The first report on EL from an organic material was reported by Pope et al. in 1963[27]. In 1987, 
Tang and VanSlyke produced the first reasonably efficient light emission from a two-layer OLED 
structure[8]. Two monomer layers were vacuum deposited in developing a device called a small 
molecule OLED (SMOLED). After that, OLEDs have drawn intense attention in both scientific and 
industrial field due to their potential applications in solid-state lighting[28], [29] and flat-panel 
displays[30]. In 1990, the second breakthrough was the implementation of single layer poly(p-
phenylene vinylene), PPV in polymer light-emitting diodes (PLEDs)[30]. While small molecules 
are usually evaporated, polymers are compatible with solution processing techniques like spin-
coating, doctor-blading, etc. 
Improvements in the emitting materials used in these devices have also marked several 
breakthroughs (see section 1.1). The fundamental device physics is similar for different 
materials whether they are solution processed or vacuum deposited.  
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2.2.1 Diode characteristics 
The most straightforward structure of an organic diode is a thin organic film sandwiched 
between two electrodes. In principle, OLED converts the electrical energy directly into the light, 
when the external voltage is applied.  
The standard current rectification versus voltage characteristic is created by the difference in 
work function of the electrodes [31]. Diode refers to the current flow only in one direction 
under applied forward bias. It has (ideally infinite) resistance when biased in reverse direction 
as depicted in figure 2.2.  
 
Figure 2.2 Typical current-voltage characteristic of a semiconductor diode. 
 
When forward bias increases, there is a point that diffusion current overcomes drift current 
which is known as the threshold voltage. After this point, a small increase in voltage leads to an 
exponential rise in current. If the diode is subjected to reverse bias, a minimal current flows 
through the device due to low recombination. In excess of applied reverse bias, it breaks down. 
The forward and reverse I-V characteristics of organic diodes are similar to amorphous silicon p-
n junction diodes[32]. However, the p-n junction concept is different with donor-accepter 
transitions as being the dominant mechanism at the junctions in organics. The device physics of 
organic rectifying diode will be explained in the following section. 
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2.2.2 Device operating principles of OLEDs 
In an OLED, the light emission results from the radiative relaxation of excited states generated 
by the recombination of charge carriers[33]. These carriers are injected into the thin film 
through the electrodes upon applying an external electric field. One of the electrodes has to be 
transparent for efficient light extraction. The minimum voltage required for the injection is 
equal to the difference in the work function of electrodes. Ideally, EL should turn on at this 
threshold voltage (Vt). However, Vt is affected by series resistance arising from the device stack, 
as well as the energetic disorder and impurities in OSCs.  
 
Figure 2.3 A generalized bilayer OLED with organic heterojunction. The schematic energy level diagram illustrating 
the accumulation of charge carriers at the interface of HTL/ETL. 
 
The device operation is determined by four main steps: Charge carrier injection (1) and 
transport (2), exciton formation (3) and radiative exciton decay (4) resulting in light emission. 
All of these processes play a critical role in the device performance, and they will be detailed in 
the following subsections. Figure 2.3 schematically shows the relevant processes in a bilayer 
OLED under operation. 
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2.2.2.1 Charge carrier injection and transport 
The charge injection is the first step for diode operation and affects the device performance. 
We presented a simple bilayer OLED structure and the corresponding energy level diagram in 
figure 2.3. Electrons are injected into the electron transport layer (ETL) via top metal contact 
and holes are injected into the hole transport layer (HTL) through the transparent conducting 
oxide.  
The charge carriers are injected by thermionic emission (I) or tunneling (II) mechanisms as 
shown in figure 2.4a[34]. Injection is dominated by the injection barrier between the Fermi 
level (EF) of electrodes and the energy levels of OSC, in which the charge carriers are injected. 
For the electron injection, the mismatch between the EF of the electrode and the LUMO of OSCs 
results in a high rectifying resistance, as named Schottky barrier, ΦB[35]. The barrier thickness 
decreases as the applied voltage increases and carriers can tunnel through OSC by Fowler-
Nordheim field emission tunneling[33]. Since a strong electric field determines Fowler-
Nordheim tunneling, a thin organic layer is required for low operating voltages. Thermionic 
emission takes place which means that charges are injected over the barrier into OSC if the 
barriers are small and the temperature is relatively high. An ohmic contact is formed, in the 
case of the Schottky barrier height is zero or negative[36].  
The second step is the charge transport as illustrated in figure 2.4b. The excess of charge 
carriers (holes and electrons) are produced by further injection. The current through the device 
is limited by low mobility, resulting in accumulation of carriers near the electrode. This creates 
a space charge zone which reduces the electric field and limits the current (space-charge-
limited current, SCLC). The charge carriers are transported by hopping mechanism (Section 1.1). 
The migration of charge carriers are field-dependent and affected by the mobility of electrons 
and holes in ETL, HTL, respectively. Two different SCLCS mechanisms were proposed to describe 
the charge transport through an organic thin film: (1) the trap-free SCLC[34] with field-
dependent carrier mobility and (2) the trap-dependent or trap-limited SCLC[37]. The electron 
transport is usually considered trap-limited[38]. Bulk transport is dominated by hopping 
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conduction through an approximate Gaussian DOS in which deep sites act as traps. Electrons 
can get back its localized site from a trapped position via Poole-Frenkel emission[39]. We 
illustratively described the energy positions of the trap-free (I) and the trap-dependent (II) 
transport path in disordered OSCs figure 2.4b.  
 
 
Figure 2.4 a) Schematic energy band diagram of Fowler-Nordheim tunneling (I) and thermionic emission (II) of an 
electron at the metal/OSC interface. b) Schematic diagram for the density-of-states (DOS) and charge transport 
mechanism based on free-of-trapping (I) and multiple trapping-and-releasing model (II), σ: DOS width. 
 
The injection-dominated conduction is valid only for the barriers exceeding 0.3-0.4 eV[37]. In 
this case, charge backflow due to the low carrier mobility. For the lower injection barriers, I-V 
characteristics depend on bulk-limited transport. Both the injection-dominated (tunneling and 
thermionic emission) and bulk-dominated mechanism (ohmic and SCLC conduction) are 
proposed as rate limiting mechanisms for the current density-voltage (J-V) characteristic of 
OLEDs as explained in section 3.3.1. 
2.2.2.2 Exciton formation and radiative exciton decay  
In a diode operation, the third step is the exciton formation. At equilibrium, excess charge 
carriers accumulate at HTL/ETL interface due to the energy level offsets of the heterojunction.  
Injected electrons and holes recombine to bound electron-hole pairs (exciton) due to Coulomb 
attraction when they meet within their Coulomb radius. Excitons with strong binding energy 
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(0.3-1 eV) localized on one molecule or adjacent molecules[21]. However, Langevin 
recombination and trap-assisted recombination, i.e., Shockley-Read-Hall (SRH) are present in 
disordered OSCs with low mobility[40]. In Langevin recombination, free charge carriers drift to 
each other to recombine. SRH recombination takes place between a trapped and a free charge 
carrier. The free charge carrier mobility governs both mechanisms. 
The final step is the photon generation by a radiative exciton decay after completion of its 
lifetime period. There are three relaxation mechanisms (Figure 2.5) of the excited states: 
fluorescence and phosphorescence, and TADF that play a significant role in determining the 
device efficiency. Localized electron-hole pairs lead a strong electron-hole wave function 
overlap that induces considerable exchange energy (0.1-1 eV), which separates the singlet and 
the triplet state energies apart[21]. The relaxation mechanism of singlet and triplet excitons 
forms the basic principles of fluorescent and phosphorescent light emission. 
 
Figure 2.5 Modified Jablonski diagram depicting different transitions for an exciton decay: Fluorescence, 
phosphorescence and TADF. The ground singlet (S0), the first excited singlet (S1), and the first excited triplet (T1) 
states. 
 
Based on simple spin statistics, 25% of the formed excitons are singlets (antiparallel spins), and 
75% are triplets (parallel spins), resulting in different radiative relaxation processes of 
fluorescence (S1 → S0), and phosphorescence (T1→S0), respectively[41]. Fluorescence is formed 
for most luminescent materials and sets an upper limit to 25% of the internal quantum 
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efficiency (IQE) of an OLED[42]. Phosphorescent OLEDs (PHOLEDs) with rare-metal complexes 
were reported in 1998[41]. PHOLEDs enabled almost 100% internal quantum efficiency (IQE) by 
allowing all excited states recombined [43]. Strong spin-orbit coupling promoted by the heavy 
atom effect increases the possibility of fast and efficient intersystem crossing (ISC: S1 → T1) and 
phosphorescence (T1→S0) at room temperature. In the triplet emitters, all four spin 
orientations of the excitons can be harvested through a rapid population of T1 sates [44], [45]. 
However, their high cost, due to the use of precious metals, limits the applications of 
phosphorescent materials. In 2012, similar yields were obtained by using the metal-free 
aromatic molecules which exhibited a thermally activated delayed fluorescence (TADF)[46]. 
TADF relies on a reverse intersystem crossing (RISC: T1 → S1) by thermal excitation and the 
delayed fluorescence (S1→ S0) when the energy gap between S1 and T1 is sufficiently low 
(ΔEST˂0.1 eV). Therefore, efficiencies similar to phosphorescence emitters with a maximum 
100% IQE can be realized[47]. 
In most OLEDs, emission generally originates from the radiative decay of excited monomers. On 
the other hand, electroluminescence may also emerge from the radiative decay of excited state 
complexes (exciplex) formed between two different materials[48]. The emission refers to 
exciplex emission showing long wavelengths and a broad spectrum due to energetic conditions 
(the predicted exciplex energy level being below the exciton)[33]. Exciplex may form at organic 
heterojunctions of blends in a single layer[49] or bilayer OLEDs[50].  
2.2.2.3 Nonradiative exciton decay 
 
In contrast to the radiative decay pathways, the exciton may also recombine nonradiatively via 
an exciton quenching or phonon emission. The exciton quenching (exciton-exciton or exciton-
polaron) occurs near the metallic injecting electrodes, more likely in case of a charge carrier 
imbalance and low transport properties[51]–[53]. It contributes significantly to a loss in the 
efficiency of OLEDs. Exciton may also transfer its energy from one molecule (donor) to another 
molecule (acceptor), forming a new exciton on the acceptor molecule. There are two 
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mechanisms for the energy transfer: Förster resonance energy transfer, FRET (dipole 
mediated)[54] and Dexter (electron tunneling mediated) energy transfer[55]. These energy 
transfers commonly play an active role in the efficiency of the host:guest (i.e., donor-acceptor) 
type OLEDs[56]–[59]. 
Phonon emission is another common process in semiconductor devices. Exciton nonradiatively 
recombines following the energy-gap law defining the rate of nonradiative decay which drops 
exponentially with increasing the energy gap[60]. For instance, extremely high nonradiative 
recombination of CT excitons was presented at the heterojunction of two materials with very 
similar energy levels[61]. So, the device behaved like an ideal ohmic contact, leading a very high 
rectifying ratio from the electrode/OSC contact. Therefore, the energy level alignment is a 
critical parameter while designing the device architecture.  
2.2.3 Device design principles and state-of-the-art OLEDs 
Device engineering focuses on the stability of excitons at the recombination center, besides 
minimizing losses due to nonradiative exciton decay. An enhancement in the electron-hole 
recombination results in more photon generation. 
The first EL was observed from the monolayer of anthracene crystals at the high voltage of 
~400 V [27]. The first practical OLED was operated below 10 V after utilizing two-layer structure 
resembling a p-n junction[8]. Heterojunction model enhanced the probability of exciton 
formation and recombination near the interface region. After that, EL was obtained from the 
single active layer PLEDs via direct charge injection into the polymer, leading a self-localized 
emitting excited state[30]. Nevertheless, they got low efficiencies as a result of imbalanced 
charge transport, and recombination processes at an applied bias 14 V. Efficient single layer 
PLEDs were designed by a different energy level alignment that allows ohmic injection for single 
carriers[62]. However, this is not always the case to find compatible electrodes for the 
mismatch between the energy levels of electrode/polymer. Therefore, bilayer PLEDs similar to 
molecular organic heterojunctions were suggested to increase the device efficiency[50], [63]. 
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Adjusting polymer-polymer energy level offsets improves the charge recombination and brings 
a sufficient level of device performance.  
Subsequently, multilayer OLEDs are designed for proper adjustment of the recombination 
position by implying different layers to achieve a better charge injection and high-performance 
OLEDs. Researchers produced multilayer OLEDs[64], and multi-stack OLEDs (tandem) 
comprising several individual EL units to gain the white light emission[65]–[67]. Today, the 
state-of-the-art OLEDs contain layers with different functionalities, e.g., hole injection layer 
(HIL), hole transport layer (HTL), electron blocking layer (EBL), emissive layer (EML), hole 
blocking layer (HBL), electron transport layer (ETL), and electron injection layer (EIL), etc. 
(Figure 2.6).  
 
 
Figure 2.6Schematic illustration of a state-of-the-art OLED (a) and (b) typical LEC. OLEDs require multiple layers that 
are usually vacuum deposited for high device performance. LECs are usually single active layer devices.  
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The multilayer structure has some disadvantages. OLED requires a high electrical field to 
operate as previously explained in section 2.2.2.1. In the multilayer structure, voltage drops 
across the active region of OLEDs. Therefore, usually, a voltage level exceeding thermodynamic 
limit is typically required to drive an OLED at high luminance level (e.g., 2.4 eV for green EL)[68]. 
Scientists fabricated the p-i-n structure OLEDs based on the electrically doped transport layers 
(p-doped HTL and n-doped ETL) which perform at the low operating voltages[69], [70]. 
Nevertheless, the thickness of the monolayers has to be optimized, since the total width of the 
organic layers typically is adjusted to ~100 nm. The layer intermixing is another issue for the 
fabrication of solution-processed multilayer OLEDs[71]. Additionally, due to a high energy 
barrier at the cathode/OSC interface, the low work-function metals and alkali metals are 
vacuum processed for an efficient electron injection[19]. The low-function cathodes give rise to 
stability problems upon exposure to ambient conditions (oxygen and water). So, the devices are 
usually hermetically sealed. Different approaches have been made for effective electron 
injection from the air-stable cathodes[71]. Nevertheless, the encapsulation remains an obstacle 
in the manufacturing process of OLEDs[7]. 
2.3 Light-emitting electrochemical cells  
OLEDs operate at high electric fields, due to a voltage drop across the active layer[33]. If the 
film is made more conductive (via electrochemical doping), the charge carriers generate the 
luminance quenching[72]. In 1994, electrogenerated chemiluminescence (ECL) was 
demonstrated from poly(5-(2'-ethyl- hexyloxy)-2-methoxy-1,4-phenylene vinylene) (MEH-PPV) 
film in contact with a liquid electrolyte[73]. ECL cells are not suitable for electronic applications 
such as displays since lifetime issues prevent commercial applications[74].  
In 1995, Pei et al. demonstrated a similar effect from MEH-PPV mixed with a solid polymer 
electrolyte (SPE) in the single layer of a novel light-emitting device[15]. They sandwiched the 
polymer blend film between two electrodes. In this manner, the light-emitting electrochemical 
cell (LEC) was highlighted as an alternative device concept to OLED. Up to date, LECs have been 
considered as the simplest thin-film lighting device. 
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SPE providing counter ions is the primary source for the underlying mechanism in these 
materials and devices. A p-i-n can be formed in situ, due to electrochemical doping provided by 
ion transport[75], [76]. Thus, they can operate at low turn-on voltages by implying air-stable 
electrodes as oppose to OLEDs. The turn-on voltage of the cell is almost identical to the band 
gap of OSCs[77]. Since doped regions have relatively a low resistivity (under bias), symmetric 
electrodes can be applied. LECs can be fabricated in sandwiched (stacked, i.e., diode-like) or 
planar configuration[16]. 
LECs overcome the fabrication complexity of multilayer OLEDs. As compared to the multilayer 
OLEDs, LECs offers quite simple architecture with a single active layer (Figure 2.6). The emissive 
layer of LECs can be much thicker than OLEDs that operate according to tunneling barrier 
distance. For instance, LECs with 1 µm thick active layer were suited for a fault-tolerant 
fabrication[78]. The device efficiency can also be improved by adjusting the emissive layer 
thickness[79], [80]. Moreover, their simple structure with high tolerance to thickness variations 
makes them compatible with printing and coating processing methods[17].  
2.3.1 LEC characteristics 
Despite the simple device layout, many efforts have been made for understanding the complex 
device physics of LECs for 15 years[16]. LECs can operate in both reverse and forward bias 
conditions as a benefit of their dynamic character of mobile ions. I-V characteristics of LECs are 
antisymmetric (no rectification), regardless of the work-function of the electrodes. As shown in 
figure 2.7., they can emit light in both forward and reverse regions[15], [81]. They do not block 
the current in reverse bias, unlike OLEDs. 
The device principles of polymer LECs differ from PLEDs. In PLEDs, ionic species are not involved 
in the device operation. In single layer PLEDs, low conduction through polymer chains and 
imbalanced charge mobility restrict the device performances as discussed previously in section 
2.2.3. Furthermore, the thickness of the active layer affects the operational voltage[82]. When 
they sandwiched the salt-doped MEH-PPV between the ITO glass and an aluminum (Al) 
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cathode, it performed like an inefficient PLED, due to work-function of Al[83]. After adding a 
mixture of salt and ion conducting polymer into the single layer of PLEDs, the electrons could be 
effectively injected from stable metals such as Al, Ag [84]. They also reduced the driving 
voltage. 
 
Figure 2.7 Typical current-voltage characteristics of LEC under applied forward and reverse bias. The bilayer LEC 
emits a red-orange light from MEH-PPV (forward bias) and a green light from PPV layer (reverse bias). Adapted 
from Ref.[81]. Copyright © 1996 American Institute of Physics 
 
EL in LECs can be produced in a similar way to ECL, yet there are differences. In ECL, a redox-
active luminescent film is deposited on a conducting working electrode, which then dipped into 
liquid electrolyte[73]. Ions are not mixed directly with the film, but existing in the electrolyte 
solution instead. The film tends to be highly doped by the counter ions, after sweeping the 
voltage periodically in between the reduction and oxidation potentials of OSC (Small potential 
window). The light is generated by the electrochemical redox reactions (electron transfer), so 
the mass transport dominates EL. In LECs, EL occurs via the electron-hole recombination 
following a charge injection into doped OSC, therewith does not require a mass transport[84]. 
In other words, there is no charge transfer between the ionic species and polymer. Ions are not 
directly involved in the light emission. 
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Different luminescent materials have been utilized for EL; such as conductive polymers (CP)[15], 
[75], [76], [81], [85]–[89], ionic transition-metal complexes (iTMC)[90]–[96], and so called the 
third generation materials (e.g., TADF molecules, quantum dots, and luminescent 
nanoparticles)[97]–[101]. However, the physical processes of device operation are explained 
under the cover of several studies focusing on CP-based (PLECs) and iTMC-based LECs.  
2.3.2 Device operating principles of LECs 
The single active layer of LEC is composed of a luminescent material (CP or iTMC) and an ion 
conducting polymer. The device physics of LEC is complex, due to coexisting of ionic/electronic 
species in ionically/electrically conductive materials. The unique device physics of LECs stem 
from ionic species that form the electric double layers.  
The mobile ions migrate to the oppositely charged electrodes electrostatically, when a small 
voltage is applied. Ionic polarization at the interface narrows the injection barriers (ΦB) and 
produce charge injection via tunneling.[102] Electrochemically doped interfacial double layers 
are formed accordingly. Transport of the charges in the layer is diffusive, and the current 
density of species depends on the charge density and electrostatic potential[16]. Therefore, 
there is no current flow through the device at a low operating voltage. When the applied 
voltage is almost identical to the band gap of OSC, a sufficient charge transfer occurs through 
the double layers. It triggers a rapid increase in the hole and electron densities in OSC. Upon 
further increase in voltage, the double layers extend through the center of the active layer to 
form the p-n junction. At the junction, the excess of the holes and electrons recombine to emit 
light[75].  
The exciton formation and decay pathways have been extensively discussed previously in 
section 2.2.2 for OLEDs. Since the process is also valid in LEC operation, we will only focus on 
the device operation models and charge injection mechanism of LECs that are assisted by ion 
and potential distribution. 
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2.3.2.1 Proposed models for device operation 
Alternate mechanisms have been suggested for the detailed device operation of LECs. Figure 
2.8 schematically illustrates the two central model systems that are proposed for a coherent 
understanding of device physics: (1) Electrochemical doping model and (2) and electrodynamic 
model. 
2.3.2.1.1 Electrochemical doping models  
Pei et al. suggested the first model, namely the electrochemical doping model (ECDM)[76], 
which relies on the p-i-n structure in situ formed by electrochemical doping of OSC[95]. As 
shown in figure 2.8(a), upon injection of holes and electrons, the oxidation and the reduction of 
OSC takes place at the anode and cathode, respectively. The counter ions electrostatically 
compensate the oxidized and reduced OSC resulting in p-doped and n-doped regions in the 
active layer. The doped zones facilitate for efficient charge injection from the electrodes. The 
metal/OSC interface becomes highly conductive, i.e., ohmic contact, regardless of the 
considerably high injection barrier in between. After, the injected charges are transported 
through OSC until they meet at the intrinsic region to recombine. At intrinsic, relatively high 
electric field and accordingly low conductivity are present due to space charge in the junction. A 
significant potential decrease is observed in the bulk when there is no potential variance at the 
interfaces[103]. In the case of ohmic contact at the interfaces, the charge transport in 
disordered molecules limits the current, so that a bulk-limited, i.e., transport-limited transport 
dominates the process[104].  
However, an injection barrier always resides at the metal/OSC interface, independent of the ion 
concentration. In the preferential electrochemical doping model (pECDM), only one type 
doping (either p- or n-type) occurs in the active layer[105]. In this case, charges recombine just 
close to one of the electrode interface recombine. For instance, the electron transfer rate limits 
the current density, if the width of the double layer is larger than the electron tunneling 
distance (for a low salt concentration). 
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Figure 2.8 Two proposed models for the steady-state operation of LECs with an associated spatial distribution of 
the electric field underneath: (a) Electrochemical doping model and (b) Electrodynamic model. Reprinted with a 
permission  from Ref.[106]. Copyright © 2007 Nature Publishing Group 
 
2.3.2.1.2 Electrodynamic model  
The electrodynamic model (EDM) predicts the formation of electric double layers at the 
interfaces[107]. As shown in figure 2.8(b), under applied bias, anion and cations redistribute at 
the interface of anode and cathode, respectively. The accumulation of ions at the interface 
results in a high electric field. Therefore, voltage drops at these interfacial layers, also bulk 
remains free of the electric field. The electrons and holes diffuse through the field-free bulk 
where they recombine. The potential reduction mainly locates at the electrode interfaces due 
to the formation of ionic space charge. Thus, researchers assigned EDM for the relatively poor 
charge carrier injection[108]. 
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2.3.2.1.3 Unifying model 
The unifying model has confirmed in the fact that two models as mentioned above can take 
place in LEC operation, depending on the injecting behavior at contacts[109], [110]. If there is 
no ohmic contact, LEC operates according to EDM. In the case of ohmic contacts, LEC follows 
ECDM. If only one contact is ohmic, the LEC follows pECDM. The unified model is verified for 
both CP and iTMC-based LECs[105].  
However, the preferred operational mechanism of LECs is ECDM which does not limit the 
charge injection and therewith electrochemical doping of the active layer is not restricted. The 
electrochemical doping process rules the transients (such as turn-on time and lifetime) and 
steady-state properties (such as potential and charge distribution, charge recombination) of 
LECs. Steady-state properties are summarized above in the device operation section.  
 
The transient behavior of LECs such as turn-on time, lifetime, etc., depends on the 
measurement time and driving conditions[111], [112]. Despite several advantages of LECs, 
questions concerning the transient behaviour and stability of LECs remain to be addressed. We 
will focus on them in the next sections. 
2.3.3 The role of ion motion and ionic conductivity 
The ionic conductivity plays a prominent role on the transients since they are responsible for 
dynamic properties. The ionic conductivity in the cell is favoured by the solid polymer 
electrolyte (SPE), i.e., solvent-free polyelectrolyte. Polymer electrolytes are usually composed 
of salt and polymer matrix, in which the salt ions can dissociate due to permanent dipoles along 
the chain. The dipoles hold partial negative (δ-) or positive charges (δ+) which can 
electrostatically interact with cations and anions of the salt, respectively. The counter ions do 
not integrate with the polymer chain and stay mobile. So, polymer electrolytes are so-called 
ion-solvating polymers. In first LEC, poly(ethylene oxide) (PEO) and a lithium salt were 
successfully employed as SPE[15]. The ionic motion of lithium ion in PEO host is illustratively 
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presented in figure 2.9. As reported in ref. [113], the fundamental mechanism of the ionic 
conduction is based on a long-range cation transport by the dissociative way, where cations 
move between polar coordinating sites. They also predicted that ions might form non-labile 
bonds with polar groups of the host. 
 
Figure 2.9  Cartoon of the ionic motion of lithium cation in PEO host with partial negative (δ-) oxygen atoms (blue 
dots). Redrawn  from ref.[113].  Copyright © 1995 Published by Elsevier Ltd. 
 
LECs have a relatively slow response in terms of turn-on time (Ton) in comparison to OLEDs. It is 
a consequence of the slow ionic movement in a solid-state material with a rapid electronic 
response[111]. Van Reenen et al. confirmed that Ton is strongly dependent on the ion 
conduction in both CP- and iTMC-based LECs[96]. When they normalized the time-dependent 
current, luminance, and efficacy, the transients followed a universal shape (see figure 2.10a). 
Turn-on times have been obtained from several seconds[15] to several hours[114] as a result of 
multidimensional parameters, besides the active layer thickness, and the applied voltage. Long 
turn-on times are not convenient for display applications.  
Scientists improved Ton and the lifetime by utilizing different ion-solvating polymers with 
enhanced ionic conduction and better salt dissociation[115]–[117]. The concentration of ionic 
species in polymer electrolytes depends on the dielectric constant of the host polymer and the 
lattice energy of the salt[118]. The high dielectric constant and low lattice energy give rise to a 
high carrier concentration. Different ions[93], [119] and ionic liquids[120] have also improved 
Ton since ionic conduction also depends on the ion radius and type.  
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Additionally, the width of the electrical double layers and the emission zone position can be 
adjusted by altering the salt concentration[121]. LECs containing larger cations triggered the 
lower n-doping grade, resulted in more centred emission zone[122]. It exhibits faster doping 
progression and shorter Ton. The current density and light emission can also be improved by 
increasing the ion concentration [123]. They correlated the current enhancement with the ion 
distribution narrowing the recombination zone. However, the adverse effects such as 
electrochemical side reactions and doping-related luminescence quenching limit the process. 
We will discuss these restrictive factors on device durability in the next section. 
 
 
Figure 2.10 Normalized current, luminance, and efficacy transients of iTMC and polymer based LECs (a), reproduced 
from ref. [96]. Copyright © 2012 American Chemical Society. Reversible and irreversible PL loss of iTMC-LECs (b), 
reproduced from ref. [124]. Copyright © 2012 Royal Society of Chemistry. 
2.3.4 Degradation and electrochemical stability 
Turn-on and -off states are determinants for the characterization of device stability. The 
reversible and irreversible processes co-occur as depicted in figure 2.10b[124]. 
The hysteresis is a typical phenomenon for LECs as a relaxation period of electrochemical 
doping, due to the slow ion motion. This fact may arise from the reversible or irreversible side 
reactions during device operation. For instance, EL was reduced by the electrochemical doping 
after a long-time operation of LECs[112]. Still, they recovered the luminance mostly upon the 
storage for one or two months (relaxation period). However, the black spots, i.e., loss of 
28 
 
emitting area remained constant as evidence of irreversible reactions during operation. They 
predicted that the black-spot formation might arise from the chemical deformations at the 
cathode/polymer interface, due to heavily doping. Slinker et al. proposed that the degradation 
was a result of the generated emission quencher in iTMC-LEC[125]. They observed a quencher 
formed by the side reactions at the interface of the cathode, possibly due to moisture or 
oxygen. However, the exact reason for the formation of black spots generally remains unclear. 
Another reason for irreversible reactions is possible side reactions with the polyelectrolyte at 
the cathode interface. If the reduction level of SPE is below LUMO of CP, electron injection can 
reduce SPE or CP[126]. Even though charge carrier transport is limited within the insulating 
polymer, still the effective electron injection may be hindered. In other words, an 
electrochemical side reaction other than n-doping of CP takes place at the cathode interface 
and partially limits n-doping. Moreover, a lower p-doping ratio is also detected, when the 
electrolyte goes under irreversible oxidation before the p-type doping of CP[127]. However, 
unipolar doping provokes imbalanced charge carriers in the active layer, which then results in 
the doping-induced micro shorts[128]. Utilizing ion-solvating polymers with more appropriate 
electrochemical stability windows have improved the lifetime[115]–[117]. The origin of 
degradation is still not very well understood. Nevertheless, the ion-solvating polymers with 
large electrochemical stability windows are usually considered as a probable solution for better 
performance. 
2.4 Printed technology for organic electroluminescent devices 
Back in 1990, the first PLED was obtained with a spin-casted layer of PPV on indium tin oxide 
(ITO) coated glass. This pioneering work opened up the possibility of low-cost manufacturing of 
OLEDs on flexible substrates due to mechanical properties of polymers. Soon afterward, in 
1993, the flexible PLEDs on polyaniline coated poly(ethylene terephthalate) (PET) substrate was 
demonstrated[129]. The first vacuum deposited OLED on a flexible substrate was the 
preliminary work[130] for fully R2R vacuum processing of flexible OLEDs[131].  
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Printing and coating are the emerging technology for large-area R2R fabrication, which would 
dramatically reduce manufacturing costs. In the field of printing and coating, many of the same 
methods that are common in graphics and the coatings industry which are implemented to 
OLED technology. In the wide range of printing and coating methods; ink-jet[132], [133], screen 
printing[134], gravure[135], flexography and slot-die coating[136] have been utilized for OLEDs. 
For different purposes, layers can be deposited on varying substrates including rigid or flexible 
surfaces[137], paper[138], [139] and even textiles[140]. Each method has its strength and 
limitation regarding the requirements for resolution, device architecture, film thickness, etc. 
Thus, different layers are usually patterned by using a combination of different methods for 
complete device fabrication. Roll-to-roll manufacturing of PLEDs based on different printing 
techniques has been recently established[6]. Despite all the efforts including R2R lamination of 
plastic OLEDs[131], finding low-lost sealant materials or stretchable barrier films (for 
stretchable devices) are still a problem[7]. 
In this context, LECs bearing air-stable cathodes have drawn particular attention, since they are 
suited for wet-based continuous R2R process[17]. Sandström et al. demonstrated the ambient 
fabrication of flexible large-area LECs using slot-die coating[141]. Owing to a unique feature of 
planar EL, LECs can be applied on complex-shaped surfaces [142] and textile[143] via spray-
sintering method. Fully solution processed PLECs were produced by ink-jet and spin-
coating[144]. 
2.4.1 Comparison of printing techniques and an insight to gravure 
We can classify the printing methods by two main factors: throughput and resolution (Figure 
2.11). Generally, the resolution becomes a main issue in high-speed printing. However, the 
gravure can overcome this trade-off.  Inkjet is one of the digital printing techniques for 
effortless patterning of small scale applications and prototyping[132]. Although inkjet is 
currently the most studied printing method for electronics, it cannot be easily adapted for a 
wide range of ink viscosities. Non-digital methods such as screen printing, offset, flexography 
and gravure are preferential for scaled-up high throughput fabrication. Among those, gravure is 
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the most promising method due to high printing speed and pattern resolution. It’s also 
compatible with a wide range of solvents. Gravure is also capable of printing a relatively wide 
variety of ink viscosities and thickness variations of layers[145]. 
Despite the fact that a few examples have been made so far, gravure printed EL devices have 
the potential to become a major asset in the marketplace since it is a low-cost and continuous 
method for the mass production. 
 
  
Figure 2.11 Printing resolution and speed for different printing techniques. Printing resolution represents the 
minimum dot size. Adapted from ref.[145].  Copyright © 2017 Royal Society of Chemistry 
 
Chapter 3  
Materials and 
 experimental methods 
 
 
The fabrication and design of the device, as well as the materials from which it is made of play a 
crucial role in achieving the required performance. Because of the differences in charge 
injection and working principles, the type of electroluminescent device has a significant effect 
on the electrical characteristics. The feasibility of solution processing methods for the device 
fabrication is affected by the physical properties of the material (e.g., viscosity, solubility, film 
forming) and the device architecture (stack, planar, multilayer). 
In this chapter, chemical structures of polymers and polyelectrolytes are illustrated. The 
fundamentals of experimental methods will be explained for the appropriate understanding of 
the results. First, the experimental methods for device fabrication and characterization will be 
summarized. The spectroscopic methods to elucidate charge transfer emission are steady-state 
spectroscopic techniques such as photoluminescence and electroluminescence will be shown. 
The electrochemical methods (cyclic voltammetry, impedance spectrometry) will be detailed 
for extrapolating the data for the stability and ionic conductivity of solid polymer electrolytes. 
The surface analysis techniques engaged with morphology studies for electrochemical cells will 
be elaborated. 
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3.1 Materials 
Up to date, so many different materials have been synthesized and tested in 
electroluminescent devices. Material types (e.g., hole-transport, electron-transport, emitting 
materials) used in different layers of OLEDs depending on their ionization potentials and 
electron affinities. In other words, the difference between n-type or p-type material implies the 
ease of charge injection from electrodes rather than the actual ability for charge transport. For 
instance, materials with electron-accepting properties (n-type) serve as electron injection and 
transport layers. 
3.1.1 Luminescent materials 
Electroluminescence occurs in the active layer of the electroluminescent device. The emitting 
layer is the recombination center of both electron and holes which then radiatively decay. 
Therefore, the emissive materials are usually designed in such a way that they can function as 
both electron-donating and electron-accepting (bipolarity). Organic semiconductors (OSCs) can 
form in low molecular materials, i.e., small molecules or conjugated polymers. Conjugated 
systems are explained in section 1.1 in detail.  
Conductive polymers (CP) and their derivatives such as poly (para-phenylene vinylene) 
(PPV)[15], [30], [104], [105], polyfluorene (PFN)[119]), poly-(para-phenylene) (PPP)[81], and 
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)[144] have been widely 
utilized in OLEDs and LECs (Figure 3.1). They can be easily deposited via spin-coating, doctor-
blading or printing techniques[6], [131].  
The color of devices can be easily tuned by modifying the band gap of polymers via chemical 
synthesis[146]. New polymers can be designed by changing the repeating units, altering side 
chains or adding electron donating/accepting moieties. Usually, alkyl chains are attached to the 
backbone to improve their solubility[147]. 
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Figure 3.1. General chemical formulas of commonly used conjugated polymers and their abbreviations. 
 
In our work, we utilized PPV and PPP derivatives, as well as a newly synthesized polyfluorene as 
luminaries. The molecular structures are depicted in figure 3.2. Super Yellow (SY) is a PPV 
copolymer (commercially sold as PDY-132), which was purchased from Merck KGaA. It can be 
dissolved in a wide range of organic solvents. In this thesis, it was dissolved in different solvents 
depending on the device type and processing method. A polyanionic blue emissive polymer,   
poly(2,5-bis(3-sulfonatopropoxy)-1,4-phenylene, disodium salt-alt-1,4-phenylene), (PPP) was 
purchased from Sigma Aldrich and dissolved in water to use as the emissive material for DNA 
based LECs. 
PFNCl is an alcohol-soluble polycationic blue-light emitting polymer, that was synthesized via 
quaternization of Poly[2,7-(9,9-bis(2-ethylhexyl)-fluorene)-alt-2,7-(9,9-bis(3'-(N,N-dimethyl 
amino) propyl) fluorene] with 3,4,5-trimethoxybenzyl chloride by Dr. Martin Petzoldt in the 
group of Prof. Bunz at Heidelberg University. The synthetic route of PFNCl is exhibited in section 
8.1 in the appendix, according to the dissertation of Dr. Petzoldt [148]. It was dissolved in 2-
methoxy ethanol to perform as the electron injection layer (EIL) for OLEDs and as the active 
layer of single component LECs in Chapter 5. 
A small molecule (so-called SM-GrünA), a green emissive triplet emitter, was supplied by Merck 
KGaA and dissolved in toluene or anisole for the printed small molecule based devices in 
Chapter 4. The chemical structure is confidential. 
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Figure 3.2 The general molecular formula of the Super Yellow [36] and chemical structure of other emissive 
materials and abbreviations used in thesis. (Ph: Benzyl, EtHex: Ethylhexyl) 
3.1.2 Solid polymer electrolytes  
The ionic conductivity in LECs is provided by the solid polymer electrolytes (SPE). Different SPE 
systems have been employed up to date[115]. In the first LEC[15], the ionic conductivity 
mechanism was based on a polar host polymer (insulator) with polar units and inorganic salt 
blend (Section 2.3.3). After that, ionic polymers bearing ionic moieties on their chain were 
designed. So that, polyanions and polycations were associated for the electron injection in 
polymer OLEDs[149], [150]. Electroluminescent polyanions and polycations were also 
synthesized and utilized for the single component LECs[119]. In our work, the emissive polymer, 
PFNCl (Figure 3.2) was also used as an ion-conducting polymer. However, we will mainly focus 
on the non-emissive polyelectrolytes such as deoxyribonucleic acid (DNA), gelatine, and poly 
(methyl methacrylate) (PMMA). The details for PMMA will be given in section 3.1.3.  
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3.1.2.1 Deoxyribonucleic acid and DNA -surfactant complex 
In 1953, Rosalind Franklin confirmed the double helix structure of DNA with an x-ray 
crystallography image, famously known as Photo 51[151]. The image led the discovery of DNA 
structure by Watson and Crick at the same time[152]. Double helix structure consists of base 
pairs of molecules, namely, adenine with thymine and guanine with cytosine. The base pairs are 
kept together via strong hydrogen bonds. The helix backbone is made of sugar and phosphate 
groups. DNA macromolecule is a polyanion due to negatively charged phosphate groups 
compensated with sodium ions and their counter ions. Furthermore, other molecules/ions can 
bind to DNA by interacting with phosphate groups electrostatically for sensing 
applications[153], [154]. The electrical conductivity of DNA is still under debate and related 
information will be detailed in section 6.2.1.2.1. 
In this thesis, DNA and its lipid complex were used as the ion-solvating polymers for LECs. DNA 
material (DNA sodium salt from salmon testes, Cat. No. D1626) was purchased from Sigma 
Aldrich and directly used without any further purification step. DNA is a water-soluble material 
with a molecular mass of 1.3 x 106 Da (~2000 bp)[155]. The G-C content of the substance is 
41.2%, and melting temperature (Tm) is 87.5°C[156]. 
The DNA-lipid complex, DNA-hexadecyltrimethylammonium (DNA-CTMA) was prepared by 
replacing the sodium counter ions of DNA with the cationic amphiphilic lipid (CTMA) according 
to the procedure in ref.[156]. The process was carried out by Dr. Markus Bender in the group of 
Prof. Bunz at Heidelberg University. DNA-CTMA is soluble in alcohols and chloroform/alcohol 
mixture. We dissolved it in chloroform:butanol mixture. 
3.1.2.2 Gelatin 
Gelatin is a well-known additive commonly used as a stabilizer and thickener in the food 
industry. In our work, we utilized gelatin as the ion-solvating polymer for LECs. Gelatin from 
porcine skin with ~300 g bloom (Type A, Cat. No. G2500) was ordered from Sigma Aldrich. It is a 
mixture of peptides and proteins produced by partial hydrolysis of collagen extracted from the 
bones, skin, 
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Figure 3.3 Molecular structure of DNA and DNA-CTMA. 
 
and connective tissues of animals. In general, gelatin strand contains main amino acids of 
alanine (Ala), arginine (Arg), glycine (Gly), glutamine (Glu), 4-hydroxyproline (Hyp), and proline 
(Pro). The typical amino acid sequence of the type A gelatin chain was reported to be Ala-Gly-
Pro-Arg-Gly-Glu-Hyp-Gly-Pro[157]. The bloom number is proportional to the average molecular 
mass (225-325 bloom = ~ Mw: 50,000–100,000)[158] and indicates the strength of gel 
formation. The product is soluble in hot than in cold water.  
 
 
Figure 3.4 Typical molecular structure of gelatin and the abbreviations of amino acid units underneath. 
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3.1.2.3 Dopants 
The organic and inorganic salts were used to improve the conductivity of SPEs. Potassium 
trifluoromethane sulfonate (KCF3SO3) and tetrabuthylammonium tetrafluoroborate (TBABF4) 
were purchased from Sigma Aldrich. KCF3SO3 was dissolved in water, while TBABF4 was 
dissolved in different organic solvents. 
 
Figure 3.5 Chemical structure of salts utilized to dope solid polymer electrolytes in this thesis. 
 
3.1.3 Binders and plasticizers  
The binder and plasticizer are the electrically inert materials, which are usually utilized in 
solution-processing to change the physical properties such as viscosity[159] and film 
formation[160]. 
The functional ink parameters play a critical role in printing processes. The inks are the solution 
of the functional materials (small molecule and polymer in our study), and their viscosity level 
should be at a printable range of the printing technique[145]. The binder is added to the small 
molecule (SM) inks to adjust their rheological properties. In our work, the insulating polymers: 
polystyrene (PS) with different molecular weights (Mw) and PMMA were utilized as the 
polymeric host for SM inks to modify the viscosity and surface tension. Additionally, PMMA was 
accounted as the ion-solvating polymer for the salt additives in SMLECs. Ultra-high molecular 
weight PS (UHMW-PS) (Mw: ~30 x 106) and high molecular weight PS (HMW-PS) (Mw: ~1 x 106) 
were ordered from Polysciences Inc. and Sigma Aldrich, respectively. We dissolved them in 
toluene and anisole. PMMA (Mw: ~2 x 106) was purchased from Sigma Aldrich and dissolved in 
anisole. 
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Plasticizers were used to improve the mechanical properties of the biopolymers, as well as to 
enhance the ionic conductivity of bio-based SPEs. Glutaraldehyde and glycerin (i.e., glycerol) 
were purchased from Sigma Aldrich and used as the cross-linker agent for gelatin solutions. 
They are both water-soluble. 
 
 
Figure 3.6 The chemical structure of insulating polymer hosts (a) and plasticizers (b) with their abbreviations used in 
thesis. Glu: Glutaraldehyde, Gly=Glycerol. 
 
3.2 Device fabrication methods 
The principle difference between polymeric and molecular materials is the method applied for 
the deposition of their thin films. Small molecules are usually fabricated layer by layer in a high-
vacuum environment, while polymers are coated by wet-processing. In this thesis, we applied 
the solution processing techniques for both material types.  
We fabricated multilayer device structures consisting of different organic layers. The bilayer 
device structure was composed of HTL and ETL to grant more balanced charge injection in 
SMLEDs. For color-tunable PLEDs, the device architecture was comprised of three layers: HTL, 
EML, and EIL. There are two LEC architectures are used in literature: stacked or diode-type, and 
planar[16]. In this thesis, we used the stack architecture, since the geometry of planar is not 
convenient for practical applications. Single layer and single component LECs were produced. 
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3.2.1 General device fabrication  
Electroluminescent devices were fabricated on 2.5x2.5 cm substrates for the current-voltage-
luminescence measurements and further electrical measurements. 120 nm thick ITO coated 
glass (0.7mm) with a sheet resistance value of 10 Ω/sq and 120 µm thick polyethylene 
terephthalate (PET) with a sheet resistivity of 50 Ω/sq were used as the transparent electrodes. 
ITO patterning was managed by acid wet etched by HCl (32%).  
ITO was cleaned by ultrasonic treatment with acetone and isopropyl alcohol. Afterward, they 
were dried with nitrogen flush and treated by oxygen plasma for 10 min. A PEDOT: PSS (Al4083, 
Heraeus) solution diluted in isopropanol was either spin-casted or printed onto clean substrates 
to perform as HTL for all the device types. The spin-casted PEDOT: PSS layer was annealed for 
15 min at 120°C to give 40-60 nm thick film (using different spin-rates). The gravure printed 
PEDOT:PSS was dried at 120°C for 1 h, resulting in thicknesses between 140 and 160 nm. In this 
thesis, all the thicknesses were determined with a Veeco Dektak 150 surface profilometer.  
 
 
Figure 3.7 Device fabrication on ITO coated glass substrate, resulting in four pixels of 6 X 4 mm size (top view of the 
completed device, right image). Device structure is same for ITO coated PET substrates. 
 
After the deposition of PEDOT: PSS, other organic layers were deposited by either spin-coating 
or gravure printing on HTL. Active layer solutions are prepared either in a N2 glovebox or 
ambient atmosphere depending on the material type. Various polymer:polymer, small 
molecule:polymer blends were engaged at the different weight to weight (w/w) ratios and 
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concentrations depending on the ink formulation and the device type. The solutions were 
stirred on a hotplate overnight below the solvent boiling point. 
For printed devices in section 4.2.1 and 4.2.2, SM:UHMW-PS blends at 20:3 and 20:4 w/w ratios 
were dissolved in toluene and anisole, giving a total solid concentration of 23.0 g/L and 24 g/L, 
respectively. As reference devices, pristine SM (20 g/L in anisole) and two SM:UHMW-PS blends 
were deposited by spin-coating, yielding thicknesses at 60 and ~120 nm, respectively. 
SM:UHMW-PS blends were also printed, resulting thicknesses ranged between 132-162 nm. 
The thickness of PEDOT:PSS layer was 60 nm. For the printed SMLECs: SM:PMMA:TBABF4 at a 
w/w ratio of 10:1:0.2 with the concentration of ~22.4 g/L was deposited from anisole and 
resulted in the film thicknesses at 70-90 nm.  
For polymer OLEDs in section 5.2.2 and 5.2.3, we prepared 5 g/L of Super Yellow (SY) of and 10 
g/L of PFNCl solutions in toluene and 2-methoxy ethanol, respectively. The PFNCl solution was 
filtered through a 0.45 µm PTFE filter. A single layer of PFNCl LEC (65 nm) was spin cast on 
ITO glass or PEDOT:PSS covered ITO glass for the single component LECs. For the hybrid device, 
SY (50 nm) was coated on PEDOT:PSS layer. PFNCl was coated on top of SY layer by spin-coating 
using different spin-rates yielding thicknesses between 55-80 nm. The thickness of PEDOT:PSS 
layer was 40 nm. 
For Bio-LECs in section 6.2.1, DNA and PPP were dissolved in water for several hours and then 
mixed at a ratio of 5:1:0.1 (PPP:DNA:KCF3SO3), resulting in a total solid concentration of  20 g/L. 
The ~95 nm thick films were dried on a hotplate at 55oC for 15 minutes in ambient air. Gelatin 
(7.5 and 15 g/L) was dispersed in water and then was heated over 35°C on a hotplate for 
several hours to dissolve. It was subsequently mixed with PPP solution at the w/w ratio of 1:1 
and 1:2 (gelatin:PPP). KCF3SO3 and glycerin were added to improve the ionic conductivity. The 
layers were deposited from hot solution and then dried at 35°C for 24 hours to remove residual 
water. The active layer of LEC was composed of gelatin:PPP:KCF3SO3 with and without 
additional plasticizer. The thicknesses ranged between 45 and 130 nm. For DNA-CTMA based 
LECs in section 6.2.2, SY, DNA-CTMA and TBABF4 were dissolved separately in 
chloroform:butanol (CHCl3:BuOH) mixture (2:1) and then mixed with w/w ratio of 5:1:X (X 
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describes various salt ratio in the blend) with a total solid concentration of 2.5 g/L. DNA-CTMA 
solution was filtered through a 0.45 µm pore sized PTFE filter to remove residual particles after 
the modification process. All solutions were mixed at varying w/w ratios with different total 
solid concentrations. Solutions were spin-casted on ITO glass, forming film thicknesses at the 
range of 70-75 nm. For reference SY LECs, SY was dissolved with a concentration of 4 g/L in 
chloroform and mixed with TBABF4 at varying w/w salt ratios (5:X). The active layers of LECs 
were spin-casted to give ~90 nm thick films.  
All the active layers were deposited in ambient conditions and dried on a hotplate for 10-15 
min. Only the printed layers on PET substrates were dried for several hours in vacuum. The 
principles of wet-processing techniques are explained in the following subsections. 
As the final step, a silver Ag (100 nm) top electrode was evaporated onto the active layers 
through a mask in the vacuum (pressure < 10-6 mbar) for LECs and hybrid device architecture. 
Only for DNA-LECs, an aluminum Al (100 nm) was employed as the cathode.  A calcium/silver 
Ca/Ag (~10/100 nm) electrode was deposited for the printed SMOLEDs. The overall electrode 
area was 6 X 4 mm (0.24 cm2).  An epoxy barrier foil supplied by 3 M adhered on top of printed 
SMOLEDs and DNA-LECs.  
3.2.1.1 Spin-coating and doctor-blade technique  
Spin-coating is very well established and commonly used solution processing technique for film 
deposition (Figure 3.8a). For the spin-on method, the substrate is mounted onto a rotating 
chuck. A drop of solution containing a dissolved material is placed onto the substrate. The 
rotating substrate with centripetal force spreading the drop radially results in forming a wet 
film of the material. Subsequent baking of the substrate helps to remove excess of solvent, 
leaving a thin uniform film (~ 100 nm). Since polymers are cast from solution subsequently for 
multilayer device structures, solvents used for the second layer should not dissolve the 
underlying polymer film. 
Doctor-blade (figure 3.8b) is one of the widely used coating technique in forming large-area thin 
films. In this process, the solution is placed on a substrate along the blade. When a permanent 
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relative move sweeps the blade, the solution spreads on the substrate to form a thin sheet of 
liquid. It gives a thin-film upon drying.  
For the printing tests, 175-µm-thick polyethylene terephthalate (PET) substrates were covered 
with (PEDOT:PSS, Clevios) with the help of a Zehnter ZAA 2300 film applicator. 
 
 
Figure 3.8 Schematic illustration for spin-coating (a) and doctor-blade (b). 
 
3.2.1.2 Gravure printing technique 
The gravure printing process allows uniform continuous film forming for large areas in a single 
printing step. It grants high resolution at high printing speeds[145]. The different ink 
formulations were printed using a RK gravure printing proofer at a speed of ~ 1 m/s (Figure 
3.9a). RK gravure printing proofer is generally used for small scale patterning as a proof-of-
concept and producing prototypes. Comparing to the sheet-fed gravure systems, it does not 
consume a large amount of ink volume (Fluid volume: ca. 1 ml). Thus, the instrument is quite 
advantageous for setting the process parameters and modifying the ink formulations by 
consuming less material.  
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Figure 3.9 RK gravure printing proofer and the printing plate (a) Copyright @ InnovationLab GmbH. Illustration of 
lateral and top view of engraved cells differ in area and volume (b). The arrow indicates the increase in lines per cm 
(ln/cm) on the gravure plate. The photograph of printed fields with the size of 14 x 16 mm (c). 
 
The engraved cells may form in variable depth and variable area, defining the overall ink 
transfer volume (Figure 3.9b). The ink transfer volumes directly affect the film thickness. We 
used different engraved plates having different cell geometry parameters to ensure a thin, 
continuous film of SM ink. For SMOLEDs, we used the gravure plate with the cell volume per 
area of 14 ml/m and 54 lines per cm (ln/cm).  For SMLECs, four gravure plates with different cell 
geometry parameters (60/54 ln/cm, 80/70 ln/cm and 100 ln/cm with 90% and 100% tone 
values) were implemented. 
3.2.1.2.1 Process principles 
The plate to roll gravure printing system based on ink transfer from an engraved plate to the 
substrate that is wrapped on a roll (Figure 3.10a). The flexible PET substrate is mounted onto 
the rotating printing cylinder moving on an engraved gravure plate. Gravure cell dimensions on 
the µm scale. A direct gravure printing process can be controlled in three main steps: a) gravure 
cell filling, b) ink transfer, and c) film drying.  
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Figure 3.10 A sketch of the plate to roll gravure printing process (a). Illustrative description of dry continuous film 
forming by levelling (b) and printed patterns on PET substrate (c). 
 
The first step is filling the engraved cells on the gravure plate with the functional ink. The excess 
ink is simultaneously removed by a blade mounted on the printing cylinder (A). The rheological 
behavior of ink at high shear rates affects the cell filling. Subsequently, the ink is transferred 
onto the substrate from filled cells (B). The step requires good wetting properties of the fluid on 
the substrate. De-wetting is the primary reason for hydrodynamic instabilities that cause film 
demodulation in the next step. The final step is drying of the transferred wet film (C). Due to 
the hydrodynamic instabilities (Figure 3.10b), the wet film usually presents inhomogeneous 
thicknesses arising from which form in a striped pattern along the printing direction, so-called 
viscous fingering[159]. The printing parameters, as well as the fluid properties, dominate the 
final stage. 
3.2.1.2.2 Ink formulation (Rheometry) 
The quality of printed layers is strongly influenced by the ink properties, such as surface tension 
and viscosity that should be at a printable range of the printing technique. 
One of the most crucial ink properties is viscosity, which is solely defined by the fluid’s 
resistance to flow. The ink viscosity dominates the gravure cell filling and the hydrodynamic 
processes. In our work, the shear viscosity of inks was measured at 23°C using 1 mL sample 
volume with Haake Mars rotational rheometer based on the cone-plate type rheometric 
technique. In this method, the fluid is replaced on a stationary flat plate, and a cone plate 
rotates on the sample. The angle between the surface and the cone is 1 degree (in our setup). 
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The cone plate rotates, and the torque on the cone is measured. A constant shear rate is 
applied throughout the sample and viscosity (ɳ) is calculated using formulas below[161], 
Shear stress (dyne/cmଶ) =  
߬
2
3  ߨ ݎ
ଷ
 
Shear rate (ݏ݁ܿିଵ) =  
߱
sin ߠ
 
 
ɳ (mPa s) =  
ܵℎ݁ܽݎ ݏݐݎ݁ݏݏ ݔ 100
ܵℎ݁ܽݎ ݎܽݐ݁
 
,where τ: % full scale torque (dyne x cm), r: cone radius (cm), ω: cone speed (rad/sec), and θ: 
cone angle. The temperature is stabilized by controlling the plate temperature. 
 
 
Figure 3.11 Haake Mars rotational rheometer (a) Copyright @ InnovationLab GmbH. A cross-sectional view of the 
cone and plate rheometer (b). 
 
3.3 Device characterization methods 
3.3.1 Optical and electrical characterization  
Optoelectrical characterization is the first parameter to discuss for the electroluminescent 
device performance. The current-voltage (J-V) characteristic helps to understand the charge 
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injection and charge transport mechanism within the device, while the luminance-voltage (L-V) 
gives a measure of the brightness.  
The current density-voltage-luminance (J-V-L) characteristic was measured using a BOTEST 
measuring system (Figure 3.12) composed of a source measure unit (SMU) as substrate holder 
which supplies the voltage and a photodiode cover that shields the ambient light while 
detecting light emission from the device. The system was controlled by software that allows 
simultaneous measurement of J-V-L characteristics. The photometry technique was used to 
measure the forward viewing luminance at the surface of the device. The system was calibrated 
for the wavelength-dependence to the sensitivity of the human eye. 
 
Figure 3.12 LIV BOTEST system, the substrate holder with electrical connections and the photodetector.  Copyright 
@ InnovationLab GmbH.   
 
3.3.1.1 Current-voltage characteristic of OLED 
Figure 3.13a shows three main regimes of typical J-V characteristic of an OLED under applied 
bias: (I) the low-field ohmic conduction, (II) the space-charge-limited current (SCLC) in the 
presence of shallow traps, and (III) the trap free SCLC. The electrodes are selected in such a way 
that allows the charge injection preferably at low voltages.  At the low electric field, the current 
density J remains almost constant at zero value with an applied bias V. In the presence of traps, 
the carriers can be trapped due to the energetic disorder or impurities. In this case, a portion of 
carriers is necessary to fill all the traps, and the remaining carriers can have a trap-free 
transport. In other words, a fraction of the carriers is used to populate the traps, which allows 
other carriers to be more mobile. After that, the device exhibits a linear regime, where the 
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transport is injection-limited, followed by exponential increase within a short range of applied 
bias. Finally, the free-trap conduction region is attained, where the number of injected charges 
reaches a maximum since their electrostatic potential prevents further charge injection. The 
maximum luminance and the turn-on voltage (Von) characteristics are shown in the figure 3.13a. 
 
 
Figure 3.13. A typical J-V-L characteristic of an OLED measured by the BOTEST system (a). The current density (black 
curve) and luminance (red curve) are plotted vs voltage. A numerical model for J-V characteristic of LEC by Mills and 
Lonergan (b), adapted from ref. [102]. Copyright © 2012 American Physical Society.   
 
3.3.1.2 Current-voltage characteristic of LEC 
J-V characteristic of LECs is quite complicated due to the fact that it is affected by the driving 
conditions and side reactions[111], [112]. Mills and Lonergan proposed a numerical and 
analytical model for the bulk-limited transport in the low mobility and mixed ionic-electronic 
conduction systems[102]. Their model is valid for the description of device behavior of LECs, in 
which the electronic carrier mobility is generally low. The J-V behavior is divided into four 
distinct regimes to describe the transport-limited conduction of LECs (Figure 3.13b). The first 
regime is the low injection regime, which is dominated by the ionic species. Due to electric 
double layers (EDLs) that may start to form, the current intensity J increases exponentially by 
injected charges. The field-free bulk grants diffusive transport that follows EDM (see section 
2.3.2.1.1). The second regime is the space-charge regime, which corresponds unipolar charge 
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injection related to pECDM. The space-charge of majority carrier restricts the further dosing, so 
J does not increase much. Increasing the voltage gives rise in the injection of minority carriers. 
The third region is the bipolar injection regime. J rises rapidly as a result of an efficient hole and 
electron injection. Therefore, by following ECDM (see section 2.3.2.1.2), EDLs extend through 
the center of the device. The bulk transport is a combination of drift and diffusion. The fourth 
region can be observed when the electronic carrier densities catch up the ionic densities. Once 
the intrinsic region is formed, the voltage enhancement does not assist any further doping of 
the layers, but only results in a weaker increase of J. 
3.3.2 Figures of merit for device performance 
The following figure of merits typically describes the optical property of electroluminescent 
devices:  
The luminous intensity (luminance) is defined as the intensity of emission per unit area 
(candelas/m2) from the emitting surface [33]. Turn-on voltage (Von) is an essential parameter 
for device characterization. It is here defined as the applied voltage at the certain brightness 
with a minimum threshold level (specified 1 cd/m2 in this thesis). Turn-on time (Ton) is defined 
by the time between switch-on of the cell by an applied voltage and the time which luminance 
reaches a predefined level (specified 1 cd/m2 in this thesis).  
The electroluminescence efficiency is given by either lm/W (power efficiency) or cd/A (efficacy), 
where 1 lm= 1 cd·sr [16]. The EL efficiency corresponds to the conversion efficiency of the 
electronic charge carriers into photons and corrected by the sensitivity of the curve of a human 
eye. In power efficiency (lm/W), voltage is also taken into account. 
The internal quantum efficiency (IQE) of the devices can be estimated from the ratio of light 
generated within the device to light detected by the photodetector[33]. IQE is represented by 
ηint for the fluorescent materials and given by: 
ɳ௜௡௧ = ߛ · ɳ௦ · ߔ௙ 
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where γ: charge-balance factor, ηs: singlet exciton efficiency, and Φf : the fluorescence 
quantum efficiency. Due to spin statistics, the maximum theoretical IQE of 25% and 100% 
can be reached for the fluorescent and phosphorescent OLEDs, respectively[41], [43]. 
The external quantum efficiency (EQE) is stated as the ratio of the number of emitted photons 
outside the device to the number of charges injected into the device[33]. The device efficiency 
of an OLED can be determined by the external quantum efficiency (EQE), (ηext), and can be 
described by the following equation:  
ɳ௘௫௧ = ɳ௜௡௧ · ɳ௣ = ߛ · ɳ௥ ·  ߔ௣ · ɳ௣ 
where γ, ηr , Φp , ηp are charge-balance factor, recombination efficiency, the fraction of 
radiative exciton decay (photoluminescence quantum yield), device out-coupling efficiency, 
respectively. Considering the light out-coupling efficiency of 20%, the classical estimate for the 
maximum EQE for a fluorescent OLED is only 25% of 20% = 5%. Today, TADF OLEDs have 
reached the maximum EQE at the range of 30% without optical out-coupling method and %40 
by using an out-coupling sheet[47]. 
Color coordinates are designed by the Commission Internationale de I’Eclairage (CIE) in 1931 
to compare the color of emission in a standardized manner[16]. Any color can be ascribed by 
the color coordinates X, Y on the CIE chromaticity diagram. All the colors in the visible 
spectrum exist within or on the boundary of the chart. The Planckian locus resides near the 
center of the graph. This curve is the plot for the coordinates of black body radiation at the 
temperature ranging from 1000 K to 20000 K, which is described as correlated color 
temperature (CCT).  
CCT is a significant parameter for white emission OLEDs (WOLEDs). If the x, y coordinates are 
not on the blackbody locus, the color of the light is characterized according to CCT. It 
correlates to the temperature of a blackbody radiator which has a color that closely matches 
with the emission of a non-blackbody illuminator. For a high-quality white light, CCT should 
be between 2500K and 6500 K. For general illumination, the color coordinates (x, y) should 
be close to 0.33, 0.33.  
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Color rendering index (CRI) is used to quantify how different the colors appear under 
illumination of a light source, compared to when they are illuminated by standard 
illuminator with the same correlated color temperature. It is determined in 0-100 scales, and 
the highest CRI can be 100 if there is no difference in color rendering. A good quality white 
light generally requires a minimum CRI of 80. 
The lifetime (T1/2) is stated as the time for the luminance decay to its half-maximum.  
3.3.3 Steady-state spectroscopy 
The steady-state defines the condition of a process that does not change in time. The optical 
characterization of organic materials is the basis for their application in optoelectronic devices. 
Absorbance or transmittance, and photoluminescence properties of the emissive materials 
were investigated by implementing the absorption and steady-state fluorescence spectroscopy 
techniques. Additionally, the fluorescence microscopy was used as a surface imaging technique. 
3.3.3.1 Absorption spectroscopy 
The theoretical background of the technique is described by the Beer-Lambert-Law[162]. The 
absorbance is determined the intensity of light; It has passed through a sample and I0 is the 
intensity of the incident light.  
 
Figure 3.14 A simple sketch of UV-Vis spectrometer setup. Light passes through a specimen and transmitted light is 
detected by a photodetector. L is the light path in the cuvette. 
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The transmittance (T) and absorbance (A) of the sample can be calculated by the following 
equations:  
ܶ = ܫ௧ ܫ଴⁄  = 10ିఌ௖௅  = 10ିை஽  
ܣ = ݈݋݃ଵ଴  (ܫ଴ ܫ௧⁄ ) =  ߝܿܮ = ܱܦ 
, where ε is molar absorptivity, L is the length of the light path which is the diameter of a 
cuvette, and c is sample concentration (for solutions). When A is measured through a thin film 
of the material, it equals the optical density (OD). If the film consists of x stacks, the OD can be 
written as: 
ܱܦ = ෍ ߝ௝
௫
௝ୀଵ
· ௝݀  
, where εj  is the absorptivity of the film with a thickness of dj. Absorption changes with an 
increase in the film thickness as an indication of packing of the molecules. The absorption 
spectroscopy measurements were carried out on a JASCO UV-VIS V-660 or JASCO UV-VIS V-670 
either in solution or on a thin film of the materials. The spectrophotometers had a 
deuterium/halogen source with the wavelength range of 200-2500 nm.   
 
3.3.3.2 Photoluminescence spectroscopy 
Steady-state fluorescence spectroscopy is a contactless and non-destructive method to define 
the electronic transitions of materials. Photoluminescence (PL) is realized by a photon 
absorption of organic material, in which an electron is excited from its ground state (S0) to a 
singlet excited states (Figure 3.15a). The relaxation mechanism follows an electron relaxation 
from the first singlet excited state (S1) or the triplet excited state (T1) to S0 by emitting a photon. 
As a consequence of vibrational relaxation (IC) of the excited states, a red-shift is always 
observed between emission and absorption spectra, namely Stokes’ shift[162].  
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The measurement setup shown in figure 3.15b is similar to the absorption setup unit. However, 
the detector is usually placed at 90° to the incident light to eliminate the risk of transmitted or 
reflected light reaching it. In a typical emission measurement, the excitation wavelength is 
selected by a monochromator, and detection wavelength varies. The excitation light coming 
from monochromator passes the sample. The sample absorbs a proportion of the incident light. 
The emitted light is collected through a second filter and reaches to the detector. In our work, 
we conducted PL measurements with a JASCO FP-6500 spectrometer. 
 
 
Figure 3.15 Jablonski diagram of fluorescence and phosphorescence mechanism (a), where A: absorption, F: 
fluorescence, P: phosphorescence, IC: internal conversion, ISC: Intersystem crossing. A sketch of fluorescence 
spectroscopy setup (b). 
 
3.3.3.3 Fluorescence microscopy imaging 
The fluorescence microscope is an optical microscope that can be used for imaging the surface 
domains with different photoluminescence behavior under illumination. We utilized the 
fluorescence microscopy imaging technique for visualization the morphological changes in the 
organic layer of LECs. 
Figure 3.16a illustrates a schematic diagram of the reflected fluorescence microscope. The basic 
of fluorescence microscope relies on the irradiation of a sample with specific wavelengths and 
then detection of the emitted light from a sample that passes through another filter. Different 
emission response of various fields on the surface allows the investigation of surface 
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morphology. The emissive regions contrast with the weak or non-emissive parts that appear as 
a dark background. In our study, we observed the phase separation behavior of the polymer 
mixture since one of the polymers was a non-emissive material. In this thesis, a Nikon 
fluorescence microscope was employed to obtain the microscope images. We accompanied a 
halogen lamp with a blue bandpass filter (465-495 nm) as an excitation source in the system. 
We detected the emitted light through a green bandpass filter (515-555 nm). 
 
Figure 3.16 A sketch of fluorescence microscope (a) and electroluminescence measuring setup (b). 
 
3.3.3.4 Electroluminescence  
Electroluminescence (EL) is the optical response of a material under the applied electric field or 
current. We previously demonstrated the energy levels and radiative recombination pathways 
in OSCs in figure 2.5 (section 2.2). In a single layer OLED, the charge carriers recombine from 
HOMO-LUMO energy levels of the OSCs. In this case, PL and EL are expected to be identical. 
However, while PL depends on the optical properties of a material, EL is determined by several 
other factors such as the optical properties, physical structures, and charge transport 
characteristics of the optically active layers. Also, the electrical properties of the contacts and 
other related layers effect on the current injection and recombination. Therefore, it is well-
known that EL is usually not equivalent to PL. 
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The electroluminescence spectra were recorded using an Ocean Optics spectrophotometer. As 
depicted in figure 3.16b, the sample (OLED or LEC) was mounted on the SMU unit of the 
BOTEST system and aligned to the optical path of the spectrometer. The EL was measured by 
applying a constant current density of 100 mA/cm2 through the devices with an active area of 
0.24 cm2. Subsequently, we recorded the spectrum and subtracted the dark image spectrum 
from the saved spectrum. The CIE chromaticity coordinates were calculated using EL data with 
the help of a software program, named SpectrAsis (http://spectrasis.lti.kit.edu). 
3.3.4 Electrochemical characterization techniques 
Physical understanding of SPEs is inevitable for interpreting the performance and lifetime data 
of the LECs. In this section, we will explain the fundamentals of the electroanalytical techniques 
that were utilized to characterize the redox behavior of the materials. 
3.3.4.1 Cyclic voltammetry  
Cyclic voltammetry (CV) is generally used for defining the energy levels of OSCs[163]. In this 
thesis, we specifically applied this method to investigate general electrochemical behavior of 
SPE systems which is crucial for the device stability. The electrochemical stability window of 
SPEs is usually determined for appropriate selection of conductive polymer (CP) and electrolyte 
combinations. The oxidation and reduction onsets of CP should not exceed the oxidation and 
reduction potentials of electrolyte to eliminate irreversible electrochemical side reactions 
[126], [127]. Additionally, we also estimated HOMO and LUMO levels of the emissive materials 
from the oxidation and reduction onsets by using CV.  
A classic three-electrode setup[164], which is composed of a working electrode, a counter 
electrode and a reference electrode in a cell,  is usually employed for CV (Figure 3.17). A 
supporting electrolyte is engaged with the system to grant an efficient electron transfer 
between the redox species and electrodes. CV is a voltage-controlled system. While the voltage 
is cycled between the working electrode and a reference electrode, the resulting current is 
measured simultaneously. The obtained current vs. voltage data is plotted as voltammogram.  
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Figure 3.17. Schematic representation of a cyclic voltammetry with three-electrode setup. 
In this thesis, we performed CV experiments by using a VERSASTAT 3 potentiostat (Princeton 
Applied Research). We placed a three-electrode system combining a Pt working electrode, a 
Pt/Ti counter electrode, and an Ag wire pseudo-reference electrode in a glass vessel. We used 
0.1 M tetrabutylammonium hexafluorophosphate (>99%, Sigma–Aldrich) dissolved in an 
anhydrous DMSO or acetonitrile as the supporting electrolyte depending on the material 
solubility. We calibrated the system with ferrocene (Di(cyclopentadienyl)iron) (>98%, Sigma–
Aldrich) as an internal reference redox system before each scan. The scan rate was 0.1 V/s. All 
the CV measurements were performed under an argon atmosphere to eliminate the oxygen 
reduction peaks on the data. 
3.3.4.2 Electrical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) is a non-destructive technique and usually 
employed to determine ionic mobility and density for the transients of LECs[114]. In this thesis, 
EIS was implemented to elucidate the ionic conductivity of SPEs.  
In the measurement, a small amplitude AC signal, (i.e., 50 mV), is applied to perturb the system 
and frequency response is recorded as impedance and phase angle[164]. The applied potential 
is given by 
ܸ =  ଴ܸ exp(݆߱ݐ) 
The output current of the system is also an AC signal and it is represented by, 
ܫ =  ܫ଴ exp(݆߱ݐ + ߮) 
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According to Ohm’s law, impedance (Z) of the circuit at any frequency (ω) can be represented 
by  
ܼ∗ =  ܸ ܫ⁄ = ( ଴ܸ ܫ଴⁄ )exp (−݆߮) 
ܼ∗ = ܼ଴exp (−݆߮) 
ܼ∗ = ܼ cos ߮ − ݆ܼ sin ߮ 
ܼ∗ = ܼᇱ − ݆ܼᇱᇱ 
The phase difference (ϕ) is represented by 
߮ = tan(ܼᇱᇱ ܼᇱ⁄ ) 
EIS measures the dielectric properties of the layer as a function of frequency. However, the 
overall conductance and capacitance of the layer is a complex combination of several processes 
during device operation. Hence, EIS is usually accompanied by a suggested equivalent circuit 
model[126]. The impedance is used to define the electrical behavior of the sample in terms of 
bulk resistance (Rb) and its equivalent circuits. The bulk resistance is at the point where the 
imaginary impedance becomes zero; therefore the real part of the impedance is equal to the 
overall impedance. The ionic conductivity can be extracted from the Nyquist plot, as shown in 
figure 3.18b, where the Rb refers to the bulk resistance.   
We conducted the impedance measurements by using Autolab PGSTAT302N impedance 
analyzer at the frequency range between 0.04 and 100000 Hz with an amplitude of 10 mV. 
 
Figure 3.18 Impedance spectrometry setup (a), Nyquist plot of AC impedance data and related equivalent Debye 
circuit (b) with Rb: bulk resistivity and Cb: bulk capacitance. 
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3.3.5 Surface characterization techniques 
3.3.5.1 Polarized light microscopy 
The polarized light microscopy technique was used to determine the aggregation tendency of 
the small molecule in the solid film phase (see section 4.2.1.1). In the setup, a microscope is 
equipped with an analyzer (a second polarizer), placed on the light path between the objective 
and the camera (Figure 3.19). The sample is exposed to the polarized light coming from the 
underlying light source and passes through the first polarizer. Usually, the polarizer and 
analyzer are in crossed order, so that the analyzer absorbs most of the light that passes through 
the specimen. The image of the sample looks mostly dark, except for the structures that are 
birefringent. In this thesis, we used an Olympus BX51 polarized light microscope with LMPLFLN 
20x objective. We evaluated the data for both qualitative and quantitative investigation.  
 
 
Figure 3.19 Schematic illustration for the optical path of polarized light microscope. 
 
3.3.5.2 Atomic force microscopy 
The atomic force microscopy (AFM) was used for the morphological investigation of the active 
layers in LECs. AFM is a high-resolution scanning probe microscope that can detect fractions in 
nanometer scale. In the measurement setup, a cantilever with a sharp probe scans the surface 
of the specimen (Figure 3.20). When the tip travels near to the surface of the sample, the forces 
between the tip and sample distort the cantilever according to Hooke’s law[165]. The distortion 
on the cantilever affects the reflection of the laser beam to be displaced onto the photodiode. 
In principle, there two main modes of operation, namely contact mode and non-contact mode 
depending on the cantilever vibrations. 
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In this thesis, we operated a DME DS 95 Dualscope AFM instrument in ambient air. The AFM 
topography images were recorded at tapping mode, using a highly doped silicon cantilever from 
NanoWorld (Arrow NCR) with the resonance frequencies about 285 kHz and the tip radii of less 
than 10 nm.  
 
Figure 3.20 Schematic representation of atomic force microscope (a) and white light interferometry microscope (b). 
 
3.3.5.3 White light interferometry  
White light interferometry is a contactless optical method to measure a 3D surface topography 
and the roughness of a sample. Light interference occurs when there is a difference in distance 
traveled by the light (light path) from the surface of a sample to a certain point. The optical 
device divides the light coming from the light source into two beams and then recombines 
them to create an interference pattern. The combined pattern is analyzed to determine the 
difference in paths the two beams traveled. The interferometer is a standard optical 
microscope with an interference objective to visualize the microscopic structures. 
In our work, we investigated the surface roughness and obtained the topography images by 
using a Sensofar PLu Neox White Light 3D interference microscope with a 50 times 
magnification objective. We carried out the experiments with the monochromatic illumination 
in the phase shifting interferometry (PSI) measurement mode. We preferred PSI mode for a 
better height resolution. The surface roughness of each sample was determined accordingly. 
 Chapter 4  
Gravure printed small molecule 
organic light-emitting devices 
 
 
In the following chapter, the gravure printing technique will be highlighted as an industrial 
relevant device processing method for the fabrication of small molecule based 
electroluminescent devices. The adaptation of the technique was provided with modifying the 
functional ink properties or setting up the gravure process parameters, resulting in continues 
and homogenous films of the small molecule. The printed layers are then implemented as the 
emissive layer of small molecule OLEDs (SMOLEDs) and small molecule LECs (SMLECs). The 
device characteristics regarding current density-voltage-luminance and efficiency are obtained. 
The results were compared to the device characteristics of respective spin-coated reference 
devices to define the effect of the printing process on the device performance. 
The first part of this chapter related to SMOLEDs was published in the Journal of Organic 
Electronics in collaboration with Merck KGaA group in Darmstadt[166]. The second part of the 
chapter linked to small molecule LECs contributed in the book chapter of Light-Emitting 
Electrochemical Cells: Concepts, Advances, and Challenges, released by Springer in 2017[16]. 
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4.1 Introduction and aim of the work 
Today one of the prime concerns of the organic electronics field is to use high throughput, large 
scale R2R printing or coating methods to reduce the manufacturing costs in mass production. 
Additionally, these methods allow deposition on materials on different substrates, yielding 
flexible, and light-weight products. 
Small molecules (SM) and conducting polymers (CPs) are two main classes of organic materials 
used for optoelectronics (Section 1.1). Low molecular weight materials are usually preferred 
due to their highly efficient devices, ease of synthesis and purification steps, as well as better 
charge transport properties comparing to CPs[44], [45]. Additionally, phosphorescent triplet 
emitters exhibited the higher EL efficiencies comparing to singlet emitters (Section 2.2.2.2). 
Small molecule based devices are generally fabricated by thermal evaporation in a vacuum. 
Printing methods are commonly applied for PLEDs, because of mechanical properties 
originating from their high molecular weight (MW) feature. The solution of SMs shows low 
viscosity values of ~ 2 mPa s that is not the printable range of conventional printing techniques. 
Thus, SMs were typically deposited by inkjet that requires low viscosity inks[132], [133].  
In comparison with inkjet, gravure takes over with the high throughput (1-10 m/s) and lateral 
resolution on the µm scale properties[135], [145]. Among other industrial methods, it is easy-
to-handle and single step printing process with a few parameters to control and also resistant 
to the different type of solvents. In recent years, gravure has been implemented for the printing 
of active layers for polymer OLEDs[6], [135], [167], [168]. However, adapting this printing 
technique for the small molecular materials remain challenging, due to the fact that gravure 
requires high viscosity range of functional inks between 50-200 mPa s, yielding 1-10 
micrometer thick films[169]. As previously discussed in section 2.2.2, the operational principle 
of OLEDs is thickness dependent with a total active layer thickness requirement of ~100 nm.  
Additional to that, layers should be uniform and pinhole-free to prevent shorts. However, the 
surface tension of the fluid plays a vital role on the printing nanometer thick layers, when the 
viscosities remain far below than graphical ink standards[170]. At this context, there is only 
limited research have been made for gravure printing of small molecules.  
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Recently, Bornemann et al. reported on the printability of small molecule (Spiro-MeOTAD) 
based inks on ITO coated glass by setting the printing process parameters[170]. They have 
adjusted the gravure cell volume, printing speed, and solution concentration to grant 
homogenous thin films with thicknesses of 10-20 nm, which would not be sufficient to employ 
as an active layer in a complete device stack. In order to achieve higher thicknesses for the 
active layers in OLEDs, an interesting strategy is dispersing small molecules into an appropriate 
polymer matrix (host) to modify the ink properties[171], [172]. Lee et al. fabricated gravure 
printed OLEDs using a hole transport polymer, poly-N-vinyl carbazole (PVK) as host and an 
iridium complex as the emitter[171]. The device showed maximum luminance of 300 cd/cm2 at 
20 V. Kim et al. obtained a maximum luminance of 280 cd/m2 at 8 V using MEH:PPV-rubrene 
mixture as active layer[172]. These results motivated us for further investigation of gravure 
printing in terms of adapting this technique for SMOLEDs. 
This chapter is divided into two main subsections: SMOLEDs and SMLECs. The obtained results 
will be discussed accordingly.  
The first section describes the gravure printed flexible SMOLEDs, in which the active layer was 
composed of a green small-molecule triplet emitter (SM-GrünA) embedded in an ultra-high 
molecular weight polystyrene (UHMW-PS) host. The UHMW-PS was used to modify the 
rheological properties of the functional ink. Since UHMW-PS is an insulating polymer, it did not 
interact electrically or optically with the emitter. Additionally, we observed that embedding SM 
into a host suppressed the SM aggregation in the thin film[173]. Two different Mw of the host 
polymer and various SM:PS weight to weight (w/w) ratios in two different solvents were tested 
to control the ink parameters such as viscosity, surface tension, and solvent drying kinetics. 
Furthermore, the film leveling time and drying time were taken into account for quantitative 
analysis of printed layer demodulation. The modified rheological properties of the ink resulted 
in homogenous printed layers that were employed as the active layer of SMOLEDs. The results 
will be detailed in section 4.2.1. 
In the second section, we will focus on the implementation of the gravure technique for printed 
flexible small molecule LECs (SMLECs) with air-stable cathodes. In this part of the work, some of 
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the process parameters such as transfer volume, tone, line screen were modified, while keeping 
the ink formulation constant. The active layer was composed of SM-GrünA and poly (methyl 
methacrylate) (PMMA). PMMA is an insulating polymer which was performed both as the 
binder and ion-solvating polymer for the ionic species. Tetrabuthylammonium 
tetrafluoroborate (TBABF4) was utilized as a salt additive in the solid polymer electrolyte (SPE) 
to ensure the number of ionic species for efficient electrochemical doping in the active layer. 
Different printing plates were utilized for altering the layer thicknesses to adjust the junction 
zone, i.e., the emission zone for better device performance. The results will be comprehensively 
discussed in section 4.2.1. 
4.2 Results and discussion 
4.2.1 Small molecule organic light-emitting diodes (SMOLEDs) 
4.2.1.1 Ink formulation and printing tests 
Ink formulation is a complex process. The interplay between surface tension, viscosity and 
drying time should be carefully controlled in to order to produce homogenous films. 
The viscosity behavior of the ink at different shear rates plays a significant role for the fluid 
dynamics at the different stages of the gravure-printing process as shown in section 3.2.1.2. The 
measured viscosity at high and low shear rates affect the ink transfer and film drying 
conditions, respectively. A low viscosity range of the fluid at high shear rates would be expected 
to reduce the hydrodynamic instabilities and assure proper patterning. At low shear rates, the 
viscosity should not rise substantially to provide sufficient time for film leveling of the printed 
lines, i.e., fingering patterns. In other words, Newtonian fluid behavior in shear flow (only small 
changes in shear thinning or thickening) produces on an excellent printing result. For instance, 
Hernandez-Sosa et al. added a high boiling point solvent into the ink solution to delay drying 
time and reduce high viscosity values at low shear rates for a non-Newtonian fluid[168].  
In our work, we utilized two high molecular weight polystyrene polymers as the binder for 
altering the ink properties. While adjusting the rheological properties at printability range, the 
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ultimate functionality performance should not be dismissed when the polymeric host are 
insulating polymers. The low amount of polymer matrix generates printing issues and excess of 
it increase the amount of non-conductive parts in the active layer, in addition to that reduce 
the charge recombination. Thus, the binder was added with optimized quantities in our work. 
Two different molecular weights of PS binder, HMW-PS (Mw: ~1x106) and the UHMW-PS (Mw: 
~30x106) were dissolved separately in toluene and anisole (Figure 4.1a). Since the viscosity of a 
polymer was proportional to its molecular weight, the viscosity of the 5 g/L UHMW-PS was at a 
comparable range of the 10 g/L HMW-PS (4-6 mPa s). This effect was found to be beneficial to 
reduce the amount of insulating polymer, as well as non-conductive paths in the active layer.  
 
   
 
Figure 4.1Viscosity of inks as a function of shear rate for pristine HMW (10 g/L) and UHMW (5 g/L) polystyrenes (a), 
and SM:PS blends with reference pristine small molecule (b). 
 
Figure 4.1b shows the viscosity measurements of SM:UHMW-PS formulations at different w/w 
ratios with a total concentration of 23 g/L and 24 g/L in toluene and anisole, respectively. A 
Newtonian behavior was observed for the viscosity over the whole range at regular shear rates. 
The SM:UHMW-PS blends with a w/w ratio of 20:3 and 20:4 were utilized to increase the 
amount of SM in the mixture while keeping the viscosity values at a printable range. All 
formulations had a higher viscosity value than the pristine SM (20 g/L in anisole) that had a 
viscosity less than 2 mPa s (no significant difference compared to the pure solvents). 
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The gravure printing technique is based on ink transferring from an engraved plate to the 
substrate surface. The details of the gravure printing process can be found in section  
3.2.1.2.1.  The organic electronic device performance is strongly dependent on the film quality 
of organic layers. As physical consistency of the printed films, pinhole-free and uniform 
thicknesses are required. So, we compared the outcome of several printing tests and assessed 
the suitability of the layers for further device fabrication. Different ink formulations of 
SM:UHMW-PS on figure 4.1b, were printed directly on PEDOT:PSS coated PET.  
Contrast-enhanced photographs of the printed fields under UV light illumination are presented 
in figure 4.2a. The printed films from toluene based inks exhibited surface undulations.  
 
Figure 4.2 Contrast-enhanced images of the gravure printed films of SM:UHMW-PS blends with 20:3 and 20:4 w/w 
ratios in different solvents under UV irradiation (a). Inset: FFT diagrams of corresponding images. Polarized light 
microscope images of printed films (b). 
 
Such thickness modulations, namely viscous fingering or Saffman-Taylor instability, is a 
common phenomenon in coating and printing applications, which originates from 
hydrodynamic instabilities during the ink splitting process[174]. Due to its low viscosity, the ink 
is not only deposited from cells but also wet walls of the cell. Forming continues meniscus when 
the roller is lifted. So, the lamella-like meniscus disturbs the fluid surface and results in a 
periodic modulation along the printing direction. In our work, the film homogeneity was 
improved by the printing of anisole based solutions. The slower drying time of anisole (boiling 
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point, TB= 154°C) than toluene (TB= 111°C) maintained adequate time for surface leveling and 
resulted in more homogeneous films. 
As a quantitative representation of the printed layer undulations, the appropriate leveling time 
(τlev) of the patterns was calculated according to the equation in ref.[170]:  
߬௟௘௩ =
ଷఎఒర
ଵ଺గర ఙ೅௛బ
య                                                        (1) 
, where ɳ, σT, h0, and λ respectively, signs the viscosity, total surface tension, wet film thickness 
and the period of the thickness modulation. The estimated τlev was then compared to the 
experimentally obtained drying time (τd) and correlated with the printing results. In principle, 
leveling time should be higher than drying time to grant homogenous layers.  
We summarized the leveling time and its parameters in Table 1. The wet film thickness, h0, was 
estimated from the solid film thicknesses and the concentration of SM:PS inks. The average film 
thicknesses were measured as 132 ± 9 nm, 155 ± 10 nm, 130 ± 17 nm, 162 ± 13 nm for the 
ratios 20:3 (T), 20:4 (T), 20:3 (A), 20:4 (A), respectively. The modulation wavelength (λ) was 
determined from the profilometry measurements and optical microscopy images. The surface 
tension of functional inks was detected by using the pendant drop method (Figure 4.3) by Dr. 
Hernandez-Sosa. The viscosity values at a low shear rate (2.48 s-1) were used for the calculation. 
All formulations exhibited similar τlev between 0.2 and 0.4 sec. The leveling time was lower than 
the drying time for all samples. However, the drying time of the anisole based formulations was 
much larger than the demodulation time of the film which ensures a more homogeneous 
surface. 
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Figure 4.3 The surface tension values versus the formulation of functional inks. Inset image: The photograph of 
liquid drop on dosing needle during measurement, which was subsequently analyzed by using the inset formula. 
 
 
Table 4.1 Parameters determined for printed layers: 
Sample Modulation 
wavelength  λ 
(mm) 
Wet film 
thickness 
h0 (µm) 
Surface 
tension σT 
(mN/m) 
Viscosity 
η  
(mPa s) 
Leveling 
time τlev 
 (s) 
Drying 
time τd  
(s) 
20:3 
Toluene 
0.69± 0.03 0.51 23.23 ± 0.25 2.85 0.4±0.2 17 
20:4 
Toluene 
0.72± 0.03 0.57 24.20 ± 0.06 2.71 0.3±0.1 17 
20:3 
Anisole 
0.69± 0.03 0.57 35.10 ± 0.44 4.47 0.3±0.2 90 
20:4 
Anisole 
0.72± 0.03 0.68 35.30 ± 0.15 5.94 0.2±0.2 90 
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The inset diagrams on figure 4.2a present the fast-Fourier transformation (FFT) of the 
corresponding printed fields to evaluate the homogeneity of the printed layers. The FFT 
diagram represents the distribution of the pixel intensity of the optical microscope image (i.e., 
an ideal homogenous layer would appear as a single dot in the center of the diagram). The 
horizontal pattern in the FFT image of toluene films referred to the undulations that were 
already visible in the photos. In contrast, the anisole samples exhibited a less extended FFT 
pattern as a result of improved layer homogeneity.  
Figure 4.2b shows the polarized light microscope images of the corresponding printed fields in 
figure 4.2a. We defined the density and size of the aggregates from the contrast-enhanced 
microscope images. The increase of PS amount in the blend (from 20:3 to 20:4 w/w SM:PS 
ratio), reduced the density of the aggregates in ~ 50%, while anisole based solutions present ~ 
80 % less number of clusters for each of the SM:PS ratios. The typical size of the aggregates 
ranged between 13-21 µm2. SM aggregation in the OLED active layer is detrimental for the 
device performance since it promotes the luminescence quenching[175]. Therefore, Anisole 
based ink formulations improved the film formation and suppressed SM aggregation. 
Before applying the printed layers as an emissive layer in SMOLED device stack, the mixture 
with a lower amount of PS was tested to reduce non-conducting pathways for more efficient 
charge transport. The SM:PS blend with a w/w ratio of 20:2 in anisole exhibited the viscosity  
~2.5 mPa s, which was not so different from the value of pristine SM (Figure 4.4a). However, 
the functional inks at lower viscosity range accentuated the pattern reproducibility problems 
(e.g., round instead of sharp corners or overflowing from pattern field) as shown in figure 4.4b. 
The patterned cells were united because of overflow. In comparison with the other ratios, this 
effect was more likely due to the much lower viscosity of 20:2 rate. So after all, we adhered to 
the ink formulations with 20:3 and 20:4 ratios in anisole for the fabrication of OLEDs. 
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Figure 4.4 Viscosity of SM:UHMW-PS blends with varying UHMW-PS ratio in anisole (a) and corresponding contrast-
enhanced images of the gravure printed blends under UV irradiation (b). The total solid concentration is 22 g/L, 23 
g/L, and 24 g/L for 20:2, 20:3, 20:4 blends, respectively, and 20 g/L for pristine SM. 
 
4.2.1.2 Device fabrication and characterization 
4.2.1.2.1 Spin-coated OLEDs 
To define the performance of the SM:UHMW-PS blends as emissive layer (EML) without any 
influence of the printing process, we first built the spin-coated OLEDs as a reference. Figure 4.5 
exhibits the optoelectronic characteristics of the reference OLEDs with pristine SM and SM:PS 
mixtures. Comparing to the pristine SM based device, SM:PS OLEDs showed a lower current 
density and lower luminance concerning the amount of insulating polymer in the active layer 
(Figure 4.5a). The higher amount of UHMW-PS in the blend increased the non-conductive 
pathways in the emissive layer, therewith affected the efficient charge transport and 
recombination of charge carriers. Thus, the overall device performance dropped. However, the 
polymeric matrix was engaged for more efficient exciton transfer to the emitter by preventing 
exciton quenching, so that increased the device efficiency[176]. The turn-on voltages (Von) was 
found to be 3.0, 4.5 and 8.0 V for the pristine, 20:3 and 20:4 devices, respectively. The 
difference in Von was related to the variation of film thicknesses due to the increasing viscosity 
of the fluid by mixing SM with PS. 
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Figure 4.5 J-V-L characteristic (a), luminous efficiency vs electric field (b) of spin-coated SMOLEDs.  A photograph of 
spin-coated SMOLED under operation (c) and corresponding device architecture (d).   
 
Figure 4.5b shows the luminous efficiency (efficacy) as a function of the electric field. The turn-
on voltage was comparable for all devices at the same electric field after eliminating the EML 
layer thickness effect. Both blends presented a higher efficacy than pristine SM OLED. We 
obtained the highest maximum electroluminescence efficiency 13 cd/A for the device based on 
SM:UHMW-PS with a w/w ratio of 20:3. An increase in the device efficiency was due to the fact 
that as a result of reduced SM aggregation and consequently less fluorescence self-quenching 
in the thin film. As recently reported by Kunz et al., diluting semiconductor with an insulating 
host such as polystyrene can reduce the charge trapping and result in enhanced luminous 
efficiency[176]. Additionally, merging SM in insulating polymer lowers pinhole density and 
reduces leakage current[177]. The luminescence of spin-coated SMOLED on the glass substrate 
and the related device architecture is shown figure 4.5 c and d, respectively. 
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4.2.1.2.2 Printed OLEDs   
At the final step, the gravure printed blends were tested as EML of OLEDs to define the 
influence of the printing process on the device performance. The same device architecture (see 
Figure 4.5d) was applied for printing the diode on an ITO-coated PET substrate. In this part of 
the study, both PEDOT:PSS layer and EML were gravure printed consecutively. Figure 4.6a 
shows the optoelectrical properties of gravure printed SMOLEDs with SM:UHMW-PS at w/w 
ratio of 20:3 and 20:4. Both device types had an identical luminance-voltage behavior with a Von 
of ~ 3.5 V. The 20:3 ratio exhibited a better device performance with the maximum luminance 
intensity of 850 cd/m2 at 15 V. The highest luminous efficiencies were obtained 7.7 cd/A, and 
4.6 cd/A for the 20:3 and 20:4 blends, respectively (Figure 4.6b). On the one hand, the 
unsmooth J-V and efficiency curves could be related to the inhomogeneous electric field 
throughout the organic layers. The thickness variations in the active layer were produced during 
the printing process. On the other hand, the shape of curves might be referred to the micro-
morphological defects of the Polymer:SM blend. The printed mixtures presented a poor 
performance comparing to its respective spin-coated reference devices as a result of the 
printing process (e.g., broader thickness distribution). Nevertheless, the printed 20:3 ratio 
exhibited ~ 67% higher efficiency comparing to the spin-coated pristine SM OLEDs. 
Figure 4.6c shows the normalized electroluminescence (EL) spectra of SM:PS mixtures and the 
normalized photoluminescence (PL) spectra of SM in solution. Both EL spectra were in a good 
agreement with the PL spectrum of SM. Optical electronic transition bands of EL were 
correlated with the photoluminescence energy peaks. The bathochromic shift in between EL 
and PL spectra of small molecules was reported as a well-known phenomenon due to molecular 
π-π packing in the thin film phase[178]. The increase in a lower energy band at 550 nm (i.e., 
low-energy shoulder) suggested that the higher content of PS in the blends reduced the SM 
aggregation and self-quenching. Considering the EL data, we concluded that the UHMW-PS did 
not interact optically or electrically with the emitter. The gravure printed flexible SMOLED on 
the plastic PET showed a uniform luminescence over the whole pixel area as you can see in 
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figure 4.6d. The devices bearing air-sensitive cathode (Ca/Ag) were subsequently encapsulated 
with barrier foil. 
 
Figure 4.6 J-V-L characteristic (a), luminous efficiency vs electrical field (b) and electroluminescence spectrum (c) of 
gravure printed SMOLEDs. A sketch of device configuration and a photograph of flexible SMOLED on PET under 
operation (d). *The PL spectra of SM is measured (0.01 g/L in toluene) at room temperature. 
 
As follow-up work, ink formulations of SM were modified for the scaling-up purposes of 
SMOLEDs. By using the similar formulations within a collaborative work, Raupp et al. recently 
demonstrated the slot-die coated and flexo-printed SMOLEDs with the active area of 0.24 and 
1.96 cm² on the glass substrates[136]. Additionally, a demo SMOLED with an active area of 27 
cm² was fabricated as a proof-of-concept for further scale-up development (Figure 4.7). We 
tested several batches in terms of J-V-L and efficacy characteristics to evaluate batch-to-batch 
device performance through the reliability and applicability of both techniques. Slot-die coated 
HTL and EML based SMOLEDs with LiF/Al cathode exhibited an average current efficiency of 30 
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cd/A at 12-13 V with low standard deviations. The maximum luminance intensity of ~ 5000 
cd/m² with the turn-on voltage of ~ 4.5 V was obtained from the fabricated devices.   
 
Figure 4.7 The photographs of slot-die coated SMOLED with different active area of 0.24 cm2 (I), 1.96 cm² (II) and 27 
cm² (III) under operation. Adapted from ref. [136]. Copyrights @ 2016 WILEY-VCH Verlag. 
 
4.2.2 Small molecule light-emitting electrochemical cells (SMLECs) 
Despite the fact that all the great efforts have been made up to date for printing and fully 
solution processed OLEDs, evaporating cathodes in inert conditions and encapsulation remain 
hurdles in the field[6].  In this context, LECs may allow the large area printing of air-stable 
cathodes. We will consider printability of LECs in the next section. 
LECs are a new class of organic light-emitting devices representing several advantages 
comparing to OLEDs. Single-active-layer device architecture makes them attractive for easy 
fabrication using printing and coating techniques regardless of thickness variation limits and 
complex, multilayered architecture. Moreover, due to the unique working principle of the cells 
which is explained section 2.3.2, charge injection from electrodes into the active layer is 
independent to the work function of the electrodes (i.e., no low work function metal is needed 
as a cathode).  
In this context, LECs bearing air-stable cathodes have drawn particular attention, since they are 
suited well for wet-based continuous R2R process [17]. Furthermore, its configuration allows 
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great flexibility in the device design, the applicability of different methods and various 
substrates. Different techniques have been applied for the deposition of the active layers, e.g., 
slot-die coating[141], spray-sintering method [142], [143], and direct-write patterning 
method[179].  
LECs are typically classified based on the type of emitters involved in the active layer, which can 
be CPs [85]–[89], ionic transition-metal complex (iTMC) [90]–[95], organic small molecules[99], 
[100], and hybrid system [97], [98]. iTMCs are luminescent ionic materials with different organic 
ligands are arranged around a metal center. They are intrinsically ionic, so in principle, iMTC-
LECs can perform as single layer LECs without additional ionic species. However, LECs can be 
based on small molecular-weight charge transporting and emitting molecules in the presence of 
an electrolyte[100]. Edman et al. reported on the in-situ electrochemical doping of non-ionic 
small molecule based LECs[180]. In this chapter and the following chapters, we will refer to 
polymer LECs (PLECs) when the light-emitting material is a polymer, and to SMLECs when it is 
based on a triplet small molecular-weight complex.  
In our work, the chemical formula of the small molecule was confidential. So, regardless of 
whether ionic or non-ionic transition-metal complex, we blended it with an ion-conducting 
insulator polymer binder to modify the rheological parameters. In this thesis, the active layer of 
a typical small molecule based LEC (SMLEC) was composed of a triplet emitter and a solid 
polymer electrolyte (SPE). We utilized polymethyl methacrylate (PMMA) as SPE and a salt 
additive to ensure the number of ionic species for sufficient electrochemical doping of double 
layers.  
4.2.2.1 Printing tests 
A high molecular weight of PMMA was used as a binding polymer to improve the viscosity of 
SM ink. PMMA was engaged as inert polymer additive for spin-coated ionic SM-based LECs[181] 
and iTMC-LECs[182] to decrease the self-quenching for improved efficiency. It did not affect the 
optical properties of the emissive materials. 
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As previously reported by our group, we tested the different molecular weights of PMMA 
ranging from 3500 to 1.000.000 with the salt additive of TBABF4 as SPE for CP-based LECs [183]. 
We obtained the highest ionic conductivity for the highest Mw of PMMA (~1x106). The device 
turn-on time and turn-on voltage were directly correlated with the ionic conductivity of SPE. 
Additional to that, PMMA with Mw of ~2x106 was used as the electrically inert binder for the 
gravure printed SMOLEDs during a bachelor thesis work of  Mervin Seiberlich in our group[184]. 
He tested different concentration of PMMA ranging between 2-5 g/L in anisole for SMOLEDs. 
The viscosity values of ~ 2.5-4 mPa s for PMMA solution showed Newtonian behavior and was 
found to be comparable with 2-3 g/L of PS (Mw = ~30x106). However, the printing outcome of 3 
and 5 g/L of PMMA with a relatively high line screen (70/80 ln/cm) and high tone values (90-
100%) exhibited strong surface demodulation.  
 
 
Figure 4.8 Viscosity of SM:PMMA:salt (22.4 g/L) blend comparing to SM:UHMW-PS (22 g/L) blend and pristine SM 
(20 g/L) in anisole. 
 
In this thesis, we utilized the highest Mw of PMMA (~2x106) among those which were tested 
previously in our group. The solid concentration of PMMA was kept at 2 g/L in the blend. The 
ink formulation of SM:PMMA:salt (w/w ratio of 10:1:0.2) with a total solid concentration of 
22.4 g/L was prepared in anisole to perform viscosity measurements and printing tests. TBABF4 
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was used as an additional ionic source. Figure 4.8 exhibits the viscosity behavior of the 
functional ink. The Newtonian behavior of the ink was promising for further investigation. The 
viscosity range was almost identical with SM:UHMW-PS blend (20:2) and comparable with the 
optimized ink formulations in figure 4.4a. So, in this part of the study, we employed different 
engraved gravure plates to adjust the film morphology and thickness. 
Cell parameters had a significant influence on the thickness and morphology of printed layers. 
Four different gravure plates with various line screens of 60/54 ln/cm, 80/70 ln/cm and 100 
ln/cm with two tone values (90 and 100%) were used to ensure a thin, continuous film of SM 
ink (Figure 4.9). Relatively high line screen values (i.e., more cells/cm, and thus smaller in 
depth) and high tone values were chosen to give a continuous film without printing 
undulations. The change in the tone value from 90 to 100% resulted in film thickness from 60-
90 nm, respectively. Afterward, the optimized films performed as an active layer of LECs. 
 
Figure 4.9 Contrast-enhanced images of the gravure printed films of SM:PMMA:Salt blend using four different 
gravure plates under UV irradiation. 
 
4.2.2.2 Device fabrication and characterization 
The active layer was printed on top of an ITO-coated glass or PEDOT:PSS coated ITO glass. The 
optoelectrical characterization of SMLECs is depicted in figure 4.10. We altered the active layer 
thickness while keeping the ratio of PMMA constant in the blend. The increase of the film 
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thickness resulted in lower current densities (Figure 4.10a). However, the maximum luminance 
intensity and the turn-on voltage of the printed layers on top of PEDOT:PSS (with the thickness 
of 60-75 nm) remained constant. The maximum luminance was detected ~ 8000 cd/m2 with a 
turn-on voltage of ~ 5 V for the SMLECs implying HTL (Figure 4.10b). However, the shift 
between two maxima (from 14 V to 16 V) might be raised from the time-dependent operation 
mechanism of LECs. The initial formation and width of the recombination zone is due to the 
continuous electrochemical doping of the double layers and determined by the doping-
dependent transport[75]. In CP-based LECs, the junction width depends on the applied voltage 
as reported elsewhere[185]. 
 
 
Figure 4.10 Current density-voltage (a) and luminance-voltage (b) characteristics and luminescence efficiency of 
SMLECs (c). Illustrative representation of device configuration and a photograph of SMLEC under operation. 
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The efficacy of the printed layers was improved comparing to the spin-coated pristine SM-
based OLEDs (Figure 4.10c). Furthermore, the efficiencies were higher than printed SM:PS 
based OLEDs with the low work function cathode (Ca/Ag). As previously reported, intermixing 
inert polymers with SM improves the film quality, therefore, reduces the current leakage during 
device operation[181]. So that, the device efficiency can be tuned accordingly. The gravure 
printed SMLEC with air-stable cathode showed a uniform luminescence over the whole pixel 
area as seen in figure 4.10d. 
4.3 Conclusion 
In this chapter, we focused on the gravure printing technique as an alternative method for the 
deposition of the active layers of small molecule based devices for their potential R2R 
applications in the future. The main advantage of this approach was to combine the benefits of 
the low molecular materials with high quantum efficiencies and the process advantages of the 
gravure printing technique. Adapting gravure printing to fabricate a small molecule (SM) based 
organic light-emitting diodes (OLEDs) were quite challenging due to the low viscosity of the inks 
and the aggregation of the SM in the solid film. However, we opportunistically printed SM by 
embedding it into high molecular weight polymers. 
In the first part, we focused on the gravure printing of flexible SMOLEDs on a plastic substrate 
by mainly modifying the ink formulations. The active layer was composed of the green triplet 
emitter in a host-guest structure and ultra-high molecular weight polystyrene (UHMW-PS) 
binder. The UHMW-PS improved the rheological properties of the functional ink to a printable 
range. Since polystyrene was an electrically inert polymer, it did not affect the electrical or 
optical properties of the emissive material. Additional to that, small molecule aggregation was 
suppressed in the thin film. Various SM:UHMW-PS ratios in two different solvents were tested 
to adjust the ink viscosity, surface tension, and drying conditions of the fluid. Furthermore, the 
surface leveling time and the drying time were obtained for quantitative considerations of 
printing demodulation. The 20:3 and 20:4 w/w ratio of SM:UHMW-PS in anisole granted 
homogenous printed layers which then suited as active layers in the device stack. The 
fabricated flexible SMOLEDs exhibited the maximum luminance over 850 cd/m2 with a turn-on 
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voltage of ~ 3.5 V and the maximum efficiency of 7.7 cd/A at 13-14 V. However, encapsulation 
of air-sensitive cathodes remained an obstacle. So that, we further considered the applicability 
of this technique for another device concept, namely light-emitting electrochemical cell (LEC). 
In the second part of this chapter, we checked on the feasibility of the gravure printing 
technique for small molecule based LECs. The active layer was composed of the same small 
molecule that was embedded into a high molecular weight polymethyl methacrylate (PMMA). 
PMMA performed as a polymer matrix, as well as an ion-solvating polymer for ionic species to 
form the solid polymer electrolyte (SPE) for LECs. TBABF4 was engaged as the salt additive in 
SPE. We altered printing process parameters while keeping the ink formulation constant. Four 
different printing plates with varying gravure cell parameters, by the meaning of line screen and 
tone values, were implemented. We modified the active layer thickness and morphology of the 
films accordingly. Relatively high line screens with high tone values resulted in more 
homogenous and sufficiently thin layers to serve as the active layer of LECs. The printed SMLECs 
bearing air-stable cathodes showed the maximum luminance of ~ 8000 cd/m2 with a turn-on 
voltage of ~ 5 V and the maximum efficiency of around 9.8 cd/A at ~9.5 V. 
In brief, the gravure method was successfully adapted for the printing of thin layers of the small 
molecule by either controlling the process parameters or ink formulations. The results 
demonstrated the potential use of gravure printing for the fabrication of small molecule based 
electroluminescent devices. 
 
 
Chapter 5  
Hybrid device architecture for 
color-tuning in 
electroluminescent devices 
 
 
This chapter focuses on understanding the working mechanism and optical-electrical behavior 
of a novel hybrid device that was suggested for color-tuning by our group. The hybrid 
architecture was composed of a single component LEC layer deposited on top of a conventional 
OLED. The LEC ensured a sufficient electron injection from an air-stable cathode into the 
emissive layer while serving as a second emissive layer. The dual color emission was detected as 
a result of simultaneous light output from two emissive layers. A straightforward color tuning 
was obtained by altering the thickness of LEC. The presented results showed that the proposed 
hybrid device structure herein could be potentially utilized to achieve white light emission from 
solution processed polymer electroluminescent devices with air-stable cathodes. 
The findings of completed work in this section were published in the Journal of the American 
Chemical Society (ACS) Applied Materials and Interfaces in collaboration with Dr. Martin 
Petzoldt and Dr. Manuel Hamburger in the group of Prof. Uwe Bunz at Heidelberg 
University[186].  
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5.1 Introduction and aim of the work 
Lighting consumes almost 1/5 of the worldwide electricity production and entails 1900 million 
ton of carbon footprint per year[13]. Hence, in recent years, there is a robust global momentum 
towards more energy efficient lighting by switching from halogen to LED bulbs. OLEDs are new 
energy saving and environmentally friendly form of solid-state lighting (SSL). In comparison to 
LED, OLED technology offers thin, flat, bendable, flexible properties for innovative design 
purposes. However, OLEDs still have lack of performances comparing to LEDs. Efficacy of the 
OLED luminaires usually ranges from 21 to 58 lm/W, and a new generation of OLED panels has 
appeared on the market in mid-2017, with panel efficacies of 60 lm/W[187]. Once the lifetime 
and performance issues are solved, OLEDs can compete with LED counterparts, due to the 
several advantages mentioned above. 
Besides the energy consumption issues, artificial light sources play an essential role in our daily 
lives. Sunlight has a strong influence on the circadian rhythm of humans, which means that it 
regulates the sleeping hours and affects human psychology as a result[188]. For instance, in 
Nordic countries people suffer from lack of sunlight during the winter period, so that 
phototherapy lighting panels have been installed at bus-stops in Sweden to support metabolic 
rhythms and psychological conditions of people[189]. A high color quality light source play a 
decisive role in mental health and is desirable to ensure a high quality of life. The quantitative 
physical measures of the luminaire, e.g., horizontal or vertical illuminance, luminance ratio and 
correlated color temperature, CCT are considered[190]. For instance, CCT of the artificial light 
source is characterized by cooler light colors, and thus a minimum color temperature of 4000-
5000 K [188]. OLEDs supply visual comfort by the soft almost horizontal light distribution along 
the panel, in comparing to LEDs that have sharp vertical illuminance[187]. 
 
White light-emitting diodes (WOLEDs) have gained particular attention due to their potential 
applications in display and SSL technology[28], [29]. WOLEDs can perform as a backlight with 
red-green-blue (RGB) color filters on top in display technology. Developments in display 
technology also benefit white SSL. However, as opposed to pixilated OLEDs designed for RGB 
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displays, OLEDs as luminaire source is meant to approximate a blackbody spectrum and a high 
emission intensity across the entire surface[187]. 
In the last decade, different approaches and techniques have been used to achieve white light 
and multicolor emission from OLEDs. Particularly, WOLEDs based on polymers (WPLEDs) allow 
solution processing methods such as screen and ink-jet printing to reduce manufacturing 
costs[134], [191]. However, the most efficient results have been obtained from OLEDs with 
complex, multilayer architecture by sequential deposition of the organic layers in vacuum[65]–
[67]. Despite tremendous efforts in solution processed multilayer PLEDs by printing, the 
necessity of low work-function cathodes remains an obstacle[6]. Recently, solution-processed 
layers have been engaged as interlayers to enhance device efficiency of WOLEDs [192], [193]. 
The polymer interlayers reduced the work function of the metal cathode, leading more efficient 
charge injection of the carriers into the active layer of the device. 
Searching for an alternative method in the direction of charge injection from stable cathodes 
led us designing a hybrid device architecture. In this chapter, an alcohol-soluble polycationic 
blue light-emitting polymer (PFNCl) was coated as the second emissive layer of the 
conventional polymer OLED. PFNCl acted as a single layer light-emitting electrochemical cell 
(LEC) to form electric double layers at the interfaces. Thus, the hybrid structure allowed charge 
injection from the air-stable cathode and additionally color tuning in the overall emission of the 
device. We investigated the photophysical and electrochemical properties of the newly 
synthesized polyfluorene derivative by using steady-state spectroscopy and cyclic voltammetry 
techniques. Furthermore, we tested PFNCl in a single component LEC device stack to 
characterize the electrochemical cell behavior and blue emission performance. After that, the 
bilayer devices were built by varying the thicknesses of PFNCl layer on top of Super Yellow (SY). 
The hybrid device comprising an Ag cathode exhibited operating voltages of ~ 6 V. And 
depending on the PFNCl thickness, different color emission ranging from yellow-green (x = 0.39, 
y = 0.47) to the edge of the white emission region (x = 0.29, y = 0.4), were obtained according to 
the Commission Internationale de I’Eclairage (CIE) 1931 chromaticity diagram.  
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5.2 Results 
5.2.1 Photophysical and electrochemical properties 
The optical characterization of the materials is crucial for better understanding and interpreting 
their optoelectronic devices. The absorption and fluorescence of PFNCl and Super Yellow (SY) 
were obtained in solution, and the spectra are presented in figure 5.1a. PFNCl exhibited a 
maximum absorption at 402 nm and an emission peak at 424 nm. The optical energy band gap, 
2.92 eV was calculated from the onset wavelength of the absorption spectrum and using the 
following formula 
 
λ௚ (nm) =  
ℎܿ
ܧ௚
 =  
1241
ܧ௚(ܸ݁)
 
 
, where c donates the free-space light velocity and the photon energy hν usually equals the 
band gap Eg (h, Planck’s constant; and ν light wave frequency). Correspondingly the maximum 
light wavelength λ = c/ν is equal to the band gap wavelength. 
 
 
Figure 5.1 Normalized absorption and photoluminescence spectra of PFNCl and SY solutions (10-8 M) in chloroform 
(a). Förster resonance energy transfer (FRET) data for PFNCl-SY (b).  The spectrum of PFNCl (1.0×10−6 M) was 
recorded at each time after adding of 50 μL SY solution of 2.0×10−8 M (at excitation wavelength of 402 nm, λex=402 
nm). 
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SY polymer showed maximum absorption at 446 nm and emission at 512 nm. The broad 
spectral overlap between the emission spectrum of PFNCl and the absorption spectrum of SY 
suggest that a probable energy transfer may take place between PFNCl (donor) and SY 
(acceptor), underpinning the color tuning in the emission of the bilayer device. Therefore, 
Förster-type energy transfer (FRET) between PFNCl and SY was investigated in solution by 
photoluminescence (PL), and the result is presented in figure 5.1b. The fluorescence quenching 
of PFNCl solution was observed when the SY concentration was increased in solution.  An 
enhancement in PL intensity of SY at 512 nm and reduced intensity of PFNCl at 424 nm and 450 
nm confirmed an efficient FRET. The PL data represents the non-radiative energy transfer from 
donor to acceptor molecules in solution. We will briefly touch on this subject in the device 
characterization of bilayer devices in section 5.2.3.  
The electrochemical behavior of the materials is usually obtained to define their energy levels. 
Additional to that, for specific material compositions such as polyelectrolytes, the 
electrochemical stability at specific voltage rates is the key focus to eliminate undesired 
electrochemical side reactions during device operation. The electrochemical behavior of PFNCl 
was investigated in solution by cyclic voltammetry (CV) using ferrocene as the internal 
reference redox system (Figure 5.2a). The CV data were obtained to estimate the redox 
potentials and accordingly the energy levels of PFNCl. The energy of the highest occupied 
molecular orbital (EHOMO) and the lowest unoccupied molecular orbital (ELUMO) levels were 
calculated from the onset value of the oxidation and reduction potentials vs. 
ferrocene/ferrocenium (Fc/Fc+) on the CV data, and assuming the energy level of Fc/Fc+ to be 
5.1 eV below the vacuum level following the empirical equations[163]. In this system, the 
potential value of ferrocene is 0.40 V versus SCE in ACN. 
EHOMO = -[(Eox)on+5.1] 
ELUMO = -[(Ered)on+5.1] 
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The HOMO and LUMO energy levels and the electrochemical band gap of PFNCl were 
determined to be -5.56 eV, -2.85 eV, and 2.71 eV, respectively. The maximum peak potentials 
were recorded at 0.73 V for the oxidation and -2.44 V for reduction potentials. During the 
anodic scan, we detected irreversible oxidation with the onset potential at 0.46 V. At the 
cathodic region; we observed a reversible reduction process with an onset potential of -2.25 V.  
A thin film of SY coated Pt working electrode (active area = 1 cm2) was employed for CV 
measurement. Figure 5.2b shows the electrochemical reduction and oxidation of SY with the 
maximum peak potentials of +0.58 V and -2.5 V, respectively, versus Fc/Fc+.  The onset of the 
oxidation and reduction potentials were obtained as +0.35 V and -2.15 V, respectively. The 
nonreversible redox peaks arose from the quick dissolving of SY film in acetonitrile after doping. 
The HOMO and LUMO levels of SY were calculated using the above equations and found to be   
-5.45 eV and -2.95 eV, respectively and the band gap of SY was defined 2.5 eV. 
 
 
Figure 5.2 Cyclic voltammograms of PFNCl (a) and SY (b) in reduction and oxidation processes.The dashed lines (a) 
represent the p and n doping potentials of SY. 
 
5.2.2 Single component LEC 
Polyfluorenes (PFs) are the most extensively explored wide band gap materials in 
electroluminescent devices, due to their high photoluminescence (PL) quantum efficiency and 
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good chemical and thermal stability [191]. Amino-/ammonium-functionalized polyfluorenes 
(PFNs) have been successfully utilized as the electron injecting and transporting layers in 
OLEDs[192], [193]. They are usually soluble in polar solvents allowing wet-deposition on top of 
organo-soluble polymeric layers, resulting in the solution-processed multilayer device structure. 
PFNSs have been also performed in single active layer LECs[119], [194], [195]. The mobile ions 
within their structure are responsible for the electrical doping of the active layer, so that 
enables efficient charge injection from electrodes regardless of their work-function.  
In our work, we first employed PFNCl in a single-component polymer light-emitting 
electrochemical cell (PLEC) to investigate its electrochemical doping and electroluminescence 
character. A single layer of PFNCl was deposited on the ITO glass or PEDOT:PSS coated ITO 
glass. The current density-voltage-luminance (J-V-L) characteristic of both devices is shown in 
figure 5.3a-b, where the inset images are attributed to their device architectures. The single 
active layer device showed a turn-on voltage of 7.1 V and the maximum luminance of 150 
cd/m2 at ~10 V. The device comprising PEDOT:PSS as HTL exhibited the higher luminance of 
~550 cd/m2 at 8 V with a turn-on voltage of 3.8 V, due to possibly more balanced charge 
transport of injected carriers. The inset image of figure 5.3b presents a photograph of the single 
component PLEC in operation. 
The electroluminescence (EL) spectra and the time-dependent voltage behavior of the device 
bearing HTL are shown in figure 5.3c. The device exhibited a maximum luminescence peak at 
434 nm with the CIE color coordinates of x = 0.19 and y = 0.16. There are only a few examples in 
literature related to deep blue emissive LECs[194]–[196], due to the broad energy band gap of 
the blue emissive materials. The band broadening at longer wavelengths (also seen in PL 
spectrum, Figure 5.1) may attribute to the polymer aggregation due to the ionic moieties on the 
side chains[195]. The inset of figure 5.3c presents the time-dependent voltage characteristics of 
the device. We conducted the measurement during continuous device operation at an applied 
constant current density of 50 mA/cm2. The device showed a typical LEC behavior with a slow 
response time that indicates the time required for slow ion motion towards the electrodes (see 
section 2.3.3). So a voltage drop according to suggested doping models (see section 2.3.2.1) 
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was likely associated with the formation of electrical double layers (EDL). A potential reduction 
is a typical phenomenon in LEC operation that may occur at the electrode interface[107] or in 
bulk [103] depending on the doping model. Since the electrochemical doping model is not 
relevant to our work, the position of the potential drop is not considered herein. The EDL 
reduce the injection barrier at the electrode interface, allowing sufficient charge carrier 
injection from electrodes regardless of their work-function. 
 
Figure 5.3 Current density-voltage-luminance characteristics of PFNCl single layer LEC (a) and PFNCl LEC comprising 
HTL layer (b). Inset images exhibits the corresponding device architectures. Electroluminescence, time-dependent 
voltage characteristics* (inset, c), and CIE color chromaticity diagram of PFCNl LEC with HTL layer (d). A photograph 
of device under operation (d). (*at a constant current density of 50 mA/cm2). 
 
5.2.3 Bilayer device concept 
In contrast to inorganic counterparts, color tuning in OSC based electroluminescent devices is 
relatively easy and straightforward. Band gap tuning gives the opportunity to design a large 
number of OSC materials by chemical synthesis[89]. Device engineering also benefits from it for 
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developing novel device concepts by changing energy level alignment or energy transfer 
mechanisms[197]. 
Different approaches have been made to obtain white emission and color-tuning in polymer 
based electroluminescent devices. For instance, researchers detected white light from single 
copolymers that have simultaneous RGB emission[89], [119], and two-color radiation by varying 
the applied voltage[81]. In another example, color-tuning was achieved by optical doping in a 
host-guest system comprised of quantum dots and polymers[97]. In general concept, three 
primary colors RGB or two complementary colors should be applied to achieve the white light. 
A direct approach for WPLEDs is blending two or three polymers in the active layer[29]. 
However, in a blended system, intrinsic phase separation may lead the decrease of color 
stability and device lifetime which are essentials for display and SSL applications.  
In our work, two emissive polymers were engaged in the separate layers of the bilayer device 
model. The second layer material was selected in such a way that allowed sequential deposition 
without dissolving the underlayer. So, a layer of alcohol-soluble PFNCl with various thicknesses 
was deposited on top of an SY layer to form double emissive layers (EMLs). PEDOT:PSS was 
coated on the ITO glass to employ as HTL. The device stack was completed with the evaporation 
of air-stable cathode. The optoelectrical and time-dependent voltage data of the bilayer hybrid 
devices are presented in Figure 5.4. Figure 5.4a-b presents the current density-luminance 
characteristic versus voltage. We obtained the turn-on voltages ranging between 4 and 8 V with 
a maximum luminance intensity in the range of 500-550 cd/m2 for the bilayer device 
configurations. The increase in turn-on voltage was related to the thickness increase of the 
PFNCl layer. Detailed device characteristics for bilayer devices are presented in Table 5.1 and 
compared with the single layer of PFNCl and SY device results. 
The time-dependent voltage characteristics were measured at a constant current density of 20 
mA/cm2 as shown in figure 5.4c. The observed initial decrease of the operational voltage for 
bilayer devices may attribute to the electrochemical doping of PFNCl layer during device 
operation. Voltage drop is a typical LEC phenomenon, which was also observed for single layer 
PFNCl device as detailed in the previous section. During galvanostatic operation at a set current, 
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a decrease in voltage by time is usually considered as a proof of in situ electrochemical doping 
in LECs[180]. The same drop was not realized for the single layer SY OLED on the graph, and we 
attributed this difference as distinguishing factor between two device types. Figure 5.4d 
illustratively shows the device configuration and corresponding energy level diagram of the 
hybrid architecture. The HOMO and LUMO energy levels of PNFCl and SY were determined as 
previously explained in section 5.2.1.  
 
  
Figure 5.4 Current density-voltage (a) luminance-voltage characteristics (b), time-dependent voltage 
characteristics* (c) of the bilayer devices. Schematic illustration of device architecture and corresponding energy 
level diagram (d). (*at a constant current density of 20 mA/cm2). 
 
Figure 5.5a presents the electroluminescence (EL) spectra of the hybrid devices and a single 
layer PFNCl LEC and SY OLED as the reference devices. The emission wavelengths of the hybrid 
devices were extended from 400 nm to 750 nm. The EL data proves the contribution from both 
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emitting polymers in total emission as a result of electron transport through the PFNCl into the 
SY layer. We suggested that only a partial input from FRET may assist the color-tuning within an 
overall device emission. The application of FRET for large macromolecules is restricted[162], 
due to an upper distance limit of ~10 nm. In our case, the minimum thickness of the PFNCl layer 
was ~55 nm that is far beyond the probable Förster radius. Thus, the blue emission band from 
PFNCl layer were visible for all hybrid devices and contributed to the total electroluminescence. 
An increase in the layer thickness of PFNCl resulted in a more significant blue emission band 
producing color-tuning.  
A blue-shift between 500 and 550 nm was observed in the emission band of SY as seen on EL 
spectra of hybrid devices. Such shifts were reported before in the literature for the EL and PL 
spectra of SY in the bilayer device architectures[198]. In their system, the electroluminescence 
was blue-shifted from the bulk emission of super yellow, with the emission wavelengths 
depending on the SY concentration. In our study, layer intermixing might take place after 
depositing PFNCl layer from 2-methoxy ethanol on top of SY, leading to a similar spectral shift 
as reported in the literature.  
The change in the emission color of bilayer devices can be seen more clearly in the CIE 
coordinates diagram in Figure 5.5b. The arrow on the graph indicates the increase of PFNCl 
layer thickness in hybrid device configuration. The color coordinates shifted from the yellow 
emission (x:0.39, y:0.47) towards yellow-green (x:0.34, y:0.44) with increasing the thickness of 
PFNCl. Finally, the emission reached to the edge of the white-light emission zone (x:0.29, 
y:0.40)  when the thickness of the PFNCl was the maximum. Today, the artificial systems are 
generally designed to maximize their light output and energy efficiency according to the 
sensitivity of the photopic vision, which peaks in the yellow-green band (i.e., at 555 nm) [188].  
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Figure 5.5 Electroluminescence spectra (a) and CIE color coordinates (b) of single and bilayer devices that was 
measured at a current density of 100 mA/cm2. Inset images (b): photographs of different device pixels under 
operation. 
 
A summary of CIE coordinates, color rendering index (CRI) and color chromaticity temperature 
(CCT) values, as well as the maximum EL wavelengths of all bilayer devices, are presented in 
Table 5.1. CCT levels were obtained at the range of 4300-6900 K with a CRI of ~ 70 for all hybrid 
devices. The minimum color temperature of 4000-5000 K is required for artificial lights, where 
the CRI is 70-90 the lowest[188]. Color temperatures over 5000 K are considered as cool colors 
(bluish), due to the higher proportion of blue emission in the light spectrum compared to 
sunlight which is defined warm-white light source (2500-5500 K)[190]. Therefore, the light 
emission of hybrid 1 device might be considered as cool-white light with the CCT level of 6980 
K. The yellow-green emission of hybrid 4-5 devices shifted to yellowish-green color for hybrid 3-
2 with thickness enhancement of the PFNCl layer. In figure 5.6, photographs of hybrid device 
pixels at low operating voltages ~7-8 V indicates the color change in the device emission. 
  
 
Figure 5.6 Photographs of hybrid device pixels under operation. 
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Table 5.1 Summary of the device characteristics for single and bilayer devices: 
Device PFNCl 
Thickness 
(nm) 
Turn on 
Voltage 
(V) 
Max. 
Current 
Density 
(mA/cm2) 
Luminance* 
(cd/m2) 
Max. EL 
λ 
(nm) 
CIE 1931* 
(x:y) 
CRI CCT [K] 
Hybrid1 80 7.8 183 294 521 0.288 : 0.407 67.49 6980 
Hybrid2 70 6.2 178 227 540 0.34 : 0.44 70.24 5316 
Hybrid3 68 5.7 188 215 541 0.354 : 0.45 70.22 5008 
Hybrid4 65 5.5 149 158 550 0.382 : 0.442 69.09 4343 
Hybrid5 60 5.3 168 179 544 0.385 : 0.451 68.01 4322 
Hybrid6 55 5.8 144 141 546 0.39 : 0.472 67.35 4310 
PFNCl 
LEC 
65 3.8 342 164 434 0.192 : 0.167 59.17 - 
SY OLED 0 4.7 350 915 556 0.483 : 0.508 45.84 - 
* at a current density of ~ 100 mA/cm2 
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5.3 Conclusion 
In this chapter, we focused on the color-tuning and white light-emission from the light-emitting 
devices bearing air-stable cathode. In this context, we demonstrated a hybrid device 
architecture by combining unique LEC and OLED features in a single unit cell configuration. A 
novel emissive polyfluorene derivative, PFNCl performed in a single component LEC layer on 
top of a conventional super yellow OLED stack. We considered the photophysical 
characterization of both emissive polymers for probable energy transfer at the interface of two 
emissive layers in the bilayer device stack. Electrochemical studies were carried out to define 
the energy level alignment which allowed sufficient charge transport at the donor-acceptor 
interface during device operation. 
The bilayer devices had the maximum luminance intensity of 500-550 cd/m2 with the turn-on 
voltages between 5-8 V depending on the layer thickness of PFNCl layer. Independent of the 
thickness variations and the applied voltage range, all devices exhibited a combined 
electroluminescence response under the influence of two emissive layers, where the yellow 
component from neutral polymer SY dominated the overall emission. However, by increasing 
the thickness of PFNCl, the blue component of the electroluminescence became more 
prominent, giving rise to a color change in total radiation. The CIE color coordinates shifted 
from the yellow-green region to the white-light region of the CIE diagram. We obtained high 
color temperatures spanning from 4300 to 6900 K for all hybrid devices with a color rendering 
index of ~ 70. 
In short, ionically functionalized PFNCl performed as both the electron injection layer and color 
conversion element. The presented hybrid device structure can be potentially used to achieve 
electron injection as well as color-tuning in solution processed electroluminescent devices 
bearing air-stable electrodes.  
 
Chapter 6 
Biodegradable polyelectrolytes 
for light-emitting 
electrochemical cells 
 
 
Increasing environmental challenges and energy demand led us searching efficient, low-cost 
and sustainable electronics. One of the prospects is to use natural-based renewable materials, 
so-called “green” materials in sustainable technologies. In this context, biopolymers have 
potential applications in the field of organic electronics as a means to develop biodegradable 
and biocompatible optoelectronic products.  
In this chapter, we utilized natural and naturally derived biopolymers as ion-solvating polymers 
in the emissive layer of light-emitting electrochemical cells. We tested different biopolymer 
based solid electrolyte systems (SPE) with various salt concentrations and obtained related 
ionic conductivities. The electrochemical stability window of SPEs was considered in to define 
the device stability of bio-based LECs. Additionally, we investigated the morphology effects of 
emissive layers on the device performance. 
Parts of this work related with DNA-based LECs will be submitted for publication. 
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6.1 Introduction and aim of the work 
Electronic waste (e-waste) is a global issue that contributes to environmental pollution and 
increases hazardous risks on public health, specifically in underdeveloped countries, where 
such waste is usually exported[10]. The minimum annual growth rate of e-waste is expected 
to be 4-5%, while only 15% of the total is actually being recycled[11]. Uncontrolled recycling 
procedures also give rise to harmful health effects, when workers are exposed to toxic 
elements in e-waste[12]. Existing policies and suggested makeshifts for reducing the e-waste 
hazards on public health[12] would not be sufficient to solve these problems in the long-
term.  
Today, one of the most important arguments in the field is to replace synthetic polymers with 
biopolymers in photonic and organic electronic applications[1] in the direction of using 
disposable electronics instead of existing electronic products in the future. Biocompatible 
electronics are considered to develop much faster than biocompatible photonics and have 
become more feasible, specifically in healthcare applications[199]. There is a limited number of 
research reports using conventional OLEDs in contact with biological matter. Gather et al. very 
recently obtained promising results by implementing OLED microarrays for optogenetics[200] 
However, as we pointed out in previous chapters, OLEDs are sensitive to water and humidity, 
and therefore, they are vigorously sealed. In the case of any leakage of nonbiocompatible 
components, the materials could be potentially toxic to the host. Further innovations through 
biocompatible and implantable photonic devices may offer biocompatible, bioresorbable 
products for healthcare monitoring, sensing, and light-activated therapies. Biodegradability and 
bioresorbability of the implemented device would eliminate the need for removal after use and 
would not harm the host tissues.  
Over the last decade, biomaterials have been utilized particularly in organic light-emitting 
diodes as comprehensively reviewed by Costa et al.[201]. Recent activities involve the 
implementation of these materials in different device parts such as substrates, electrodes, and 
active layers with different functionalities (e.g., emissive, charge injection or transport layers). 
In 2000, You et al. conducted the first work in the field of bioinspired OLEDs by mimicking the 
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bioluminescence of jellyfish[202]. Different biomaterials have been engaged in the active layer 
of OLEDs, such as fluorophores[202], natural emitters[203], deoxyribonucleic acid (DNA)[204], 
[205], DNA nucleobases[206], proteins[207], vitamins[208], etc. Additionally, silk fibroin[209] 
and eumelanin[210] were tested as electrode materials in OLEDs. Chitin[211], cellulose[206] 
and cellulose-based paper[139] substrates have been utilized for OLEDs. However, an additional 
treatment is needed for rough substrates such as paper or silk fibroin due to the requirement of 
smooth surface and thin layers for an efficient light emission[139], [209].  In this context, LECs 
can be a good alternative device concept with their high tolerance for the substrate roughness 
and active layer thickness, which allow for different processing techniques. In 2015, spray-
deposited flexible and light-weight LEC on-paper devices were demonstrated[212]. The device 
featured a uniform light-emission with a luminance intensity of 200 cd/m2 and efficacy of 1.4 
cd/A. Nevertheless, up to date, biodegradable and biocompatible materials have not been 
thoroughly investigated for LECs, except a few examples recently reported by our group. In this 
context, we tested a range of biodegradable polymers as solid polymer electrolytes (SPE).  We 
will summarize them in the following section. 
In this chapter, we will focus specifically on gelatin, DNA and DNA-cetyltrimethylammonium 
(DNA-CTMA) based SPE, which are soluble in aqueous or organic solvents. Different salts and 
plasticizers at varying ratios were added in the SPEs to enhance the ionic conductivity. The 
electrochemical stability windows of SPEs were determined to define the electrochemical side 
reactions during device operation. After optimizing the ionic conductivity of bio-based SPEs, we 
implemented them in the active layer of blue and yellow emissive LECs. We blended the SPEs 
with commercially available, a water-soluble blue emitter, poly(2,5-bis(3-sulfonatopropoxy)-
1,4-phenylene, disodium salt-alt-1,4-phenylene) (PPP) and an organo-soluble yellow emitter, 
namely Super Yellow (SY). The optoelectrical and lifetime characteristics of the electrochemical 
cells were obtained. Furthermore, morphology studies were carried out to characterize the 
phase separation between the SPE and emissive polymers, as well as aggregation tendency in 
the solid film, which play a critical role on the device performance.  
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6.2 Results 
A key component of LECs is polyelectrolytes that combine the properties of soft plastic 
materials and ionic conduction. The polymer chain serves as the scaffold medium and the 
compensating ion for the counter ions. The basic principle of ionic conduction and the role of 
ionic conductivity on LEC transients were summarized previously in section 2.3.3. Recently, 
Mindemark and Edman comprehensively reviewed the importance of polyelectrolytes on 
device performance[117].  
Polyelectrolytes are generally divided into two groups, polyanions and polycations, each type 
selectively transports the cations and anions, respectively. Up to date, different polyanions and 
polycations have been implemented in the active layer of LECs as ion-solvating 
components[149], [150], [213]. The most commonly used electrolyte systems in LECs are alkali 
metal salts, which are dissolved in ether-based ion transporters[117]. By having a better 
understanding of the working principle of LECs, researchers can thus focus on designing new 
polyelectrolyte system. Identifying the solid polymer electrolyte parameters such as (i) ionic 
concentration, (ii) electrochemical stability window, and (iii) phase separation with the emissive 
materials will play a critical role in the device performance. 
6.2.1 Water-soluble solid polymer electrolytes  
6.2.1.1 Gelatin  
As the first step of integration of biomaterials in LECs, we tested the natural biopolymer 
“gelatin” as an ion-conducting polymer in the active layer of LECs. Gelatin is abundant, 
inexpensive, and biodegradable, while it is also a non-toxic material that is widely used in the 
food industry. Gelatin-based edible films and coatings are found to be quite advantageous for 
degradable active packaging applications[214]. Since it is produced from leftovers in meat 
processing plants, therefore, it is sustainable a product.  
As a biocompatible polymer, gelatin has been commonly utilized for drug delivery and tissue 
engineering applications[215]. In 2010, it was used for the first time in organic electronics as a 
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substrate through the fabrication of fully biodegradable OFETs on hard gelatin drug capsules[1]. 
In another example, solution processed gelatin was utilized as a gate dielectric in OFETs[157]. 
The layer thickness of a casted gelatin was ca. 1140 nm. Recently, Pawlicka and coworkers 
elaborated on gelatin gel polymer electrolytes (GPE) for their potential use in electrochromic 
devices (ECD) and lithium-ion (Li-ion) batteries. In their work, they poured a hot solution on a 
petri dish to form 0.01-0.5 mm thick membranes[160]. High ionic conductivity results combined 
with the transparency of the electrolyte, merited the further investigation of the material in 
optoelectronics. Despite the new attributes provided by gelatin and its ionic conductivity, thus 
far, gelatin has not been used in LECs. 
6.2.1.1.1 The film formation and ionic conductivity of gelatin based solid polymer 
electrolytes 
In our work, sufficiently thin gelatin SPE layers were employed in the active layer of LECs. 
Relatively more bulky layers were deposited in metal-insulator-metal (MIM) structure to 
prevent shunts while measuring the ionic conductivity.  
The film-forming steps in the procedure are illustratively explained in figure 6.1. Gelatin is a 
hydrophilic material that swells in an aqueous phase. Water molecules form hydrogen bonding 
with its functional groups along the chain (e.g., carbonyl: C=O, amine: N-H, hydroxyl: O-H, see 
the molecular structure in section 3.1.2). In this way, water molecules create linkages between 
the gelatin strands by disturbing the interchain hydrogen bonds in gelatin. Below 35-40°C 
gelatin swells up and can absorb 5-10 times its weight of water to form a gel. Above these 
temperatures, gelatin is unable to form interchain hydrogen bonds. In this study, gelatin 
powder was first dispersed in water and subsequently heated at ~ 50°C. Gel strength and 
viscosity gradually weakened upon prolonged heating in solution above 40°C[158]. The gelatin 
layers were directly spin-coated onto substrates from the hot solution and left to cool down at 
room temperature (below 35°C). Cooling below 35°C favored the aggregated state (mainly due 
to hydrogen bonds). After that, the layers were dried at 35°C for 24 hours to remove any water 
residue to stabilize the structure in its solid state. Gelatin macromolecules assumed the 
conformation of thin layers. 
98 
 
 
 
Figure 6.1 Illustrative representation for the preparation process of gelatin thin films. 
 
Gelatin solutions were prepared with different total solid content. We utilized plasticizers, i.e., 
cross-linkers to control the thickness of the gelatin layers while tuning the ionic conductivity of 
the films. The solid concentration of solutions and their related film formations are summarized 
in table 8.1 in the appendix section. First, glutaraldehyde was added to the solution to change 
the mechanical strength of gelatin. Plasticizers are usually combined in gelatin to improve the 
flexibility and gel formation[160]. However, in our work, high solid concentrations with 
glutaraldehyde additive resulted in a hard gelatin or a viscous gel formation, which were 
insufficient for film casting. We used an 80 g/L of gelatin solution without cross-linker 
(produced in ~800 nm thick gelatin layers) and a 60 g/L gelatin solution doped with 3.3% wt 
with glutaraldehyde (~480 nm) to perform the ionic conductivity measurements. We previously 
reported the ionic conductivity of the layers that were doped with sodium chloride (NaCl) salt 
at varying ratios[216]. The ionic conductivities were obtained at the range of 10-8 S/cm for the 
gelatin:NaCl blends. However, partial aggregations were observed in solid films with a high ratio 
of dopant. Therefore, we utilized another salt for further research. 
In this thesis, the pristine gelatin films were deposited from gelatin solutions with the 
concentration of 15 g/L and 30 g/L without cross-linker. The metal-insulator-metal (MIM) 
structure was utilized to determine the ionic conductivity of gelatin dielectric film by impedance 
spectrometry. Bohui Wang conducted the impedance measurements for gelatin based SPEs 
during her HiWi (Hilfwissenschaftler) work. The spin-coated gelatin SPEs were sandwiched 
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between a pre-structured ITO-glass and an Ag cathode. The thin layers of gelatin containing 
different amounts of salt dopant were prepared to improve the ionic conductivity. Potassium 
trifluoromethanesulfonate, (KCF3SO3) was engaged as a salt additive at various w/w ratios. The 
films with two maximum salt concentrations were further doped with another plasticizer, 
glycerin. Glycerin at varying weight ratios was utilized to improve the ionic conductivity of 
gelatin. It performed as a separating agent by crosslinking between gelatin strands and 
promoted higher mobility of ionic species through the polymer chain[160]. The Nyquist plots of 
impedance spectra are shown in figure 6.2. The bulk resistivity (Rb) was extracted from the 
related equivalent Debye circuits[126] of impedance data as explained in section 3.3.4.2. The 
ionic conductivity (σi) of the SPE was calculated using the following equation: 
σi = d / (RbA)          (1) 
, where d is the thickness between the electrodes, A is the area of the electrode and Rb is the 
bulk resistance. For each sample, the electrode area was 0.24 cm2 (A), and film thickness 
differed (d). 
The maximum ionic conductivity of gelatin based SPEs was obtained 5.51x10-8 S/cm for 1:1 w/w 
ratio of gelatin:salt without plasticizer and 8.31x10-9 S/cm for 1:0.75:0.35 w/w ratio of 
gelatin:salt:glycerin. The ionic conductivity was improved with the increased amount of salt in 
the blend. Furthermore, the glycerin amount was optimized at 1:0.35 w/w ratio of 
gelatin:glycerin mixture. Higher plasticizer amount above the optimized level of glycerin 
resulted in a reduced ionic conductivity. The summary of ionic conductivity and layer 
thicknesses for all blends can be found in table 6.1 and table 6.2. 
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Figure 6.2 Nyquist plots of gelatin based SPE films with different salt ratio of Gelatin:KCF3SO3 [1:x] (a) and with 
varying plasticizer ratio of Gelatin: KCF3SO3:Glycerin [1:1:x](b) and [1:0.75:x](b). For all Nyquist plots, both the 
imaginary (-Z”) and the real (Z’) axis are expressed in ohm [Ω]. 
 
Table 6.1 The summary of ionic conductivity results for gelatin SPEs without plasticizer. 
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Table 6.2The summary of ionic conductivity results of gelatin SPEs with plasticizer additive. 
 
 
6.2.1.1.2 Gelatin based light-emitting electrochemical cells 
Gelatin based SPEs were subsequently mixed with an electrically conducting emissive polymer 
at different ratios to form the active layer of LECs. A water-soluble blue emitter, poly(2,5-bis(3-
sulfonatopropoxy)-1,4-phenylene, disodium salt-alt-1,4-phenylene), PPP was employed as the 
emissive component in the blend. The absorption and fluorescence spectra of PPP are shown in 
figure 8.2a in the appendix. PPP exhibited the maximum absorption at 340 nm and an emission 
peak at 409 nm.  
The SPE:gelatin blends were sandwiched between the ITO-coated glass and an Ag cathode. The 
single layer of LEC was composed of gelatin:PPP:KCF3SO3 with and without plasticizer additive. 
The film thicknesses changed depending on the total solid concentrations. The optoelectrical 
characterization of gelatin based LECs is shown in figure 6.3. The light output was not detected 
for the reduced salt ratios, which were lower than 0.75 in the blends. The maximum luminance 
intensity of 1.2 cd/m2 was obtained at ~8.5 V for the PPP:gelatin:salt:glycerin blend with a w/w 
ratio of 2:1:0.75:0.35. A non-uniform light emission over the pixel area was observed with a 
short lifetime of ten seconds (See the inset images of figure 6.3). All device results and 
thickness variations can be found in table 6.3. 
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Figure 6.3 J-V-L characteristic of gelatin based LECs at varying w/w ratios of PPP:gelatin:salt, 1:1:0.75 (a), 1:1:1 
(b),and PPP:gelatin:salt:glycerin, 2:1:0.75:0.35 (c), 1:1:0.75:0.35 (d). Insets: Photographs of corresponding LECs 
under operation. 
 
Table 6.3 The device characteristics of gelatin based LECs. 
 
 
Among many possible reasons that may account for the poor device performance, one could be 
that the absorption of water into the gelatin layer. The water inside the gelatin layer could be 
only partially removed in our work when considering the drying conditions (layers were dried at 
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35°C). The capacitance, i.e., the dielectric constant of the gelatin layer in MIM structure was 
found to be increasing in the case of high humidity and restricted the device operation in 
ambient air [157]. Therefore, the gelatin films were usually subject to a time-consuming 
annealing process. In our study, we postulated that unfavorable side chemical reactions, which 
affect the overall device performance, would be correlated with water residue in gelatin. 
Additional to that, the mechanical properties of gelatin were strongly temperature dependent. 
So that, difficulties in controlling the layer thicknesses of gelatin films resulted in batch to batch 
variations. Since the layer thickness was the bottleneck concerning device reproducibility, we 
decided to focus on different materials using the same device concept.  
6.2.1.2 Deoxyribonucleic acid (DNA) 
Among natural biodegradable materials, the science community has shown a great interest to 
DNA. It has drawn quite an attention specifically in the field of photonics and electronics, due to 
its high transparency, thin film processability, high thermal stability, and optical 
properties[217]. DNA is abundantly existing and renewable material. For instance, that can be 
easily isolated from the marine waste product by salmon processing[218].  
As the pioneering work in optoelectronics, Grote et al. utilized marine-based DNA in non-linear 
optics[218]. Since DNA is soluble only in water, it was modified to its lipid complex (DNA-CTMA) 
via ionic exchange reaction to dissolve in alcohols[156]. After that, DNA has become very 
popular as a building-block material in the field of organic electronics over the last decade. 
DNA-CTMA was utilized as a thin film gate dielectric in OFETs and memory elements[219], 
[220]. DNA was also investigated in different layers with different functionalities in the active 
layer of OLEDs. For instance, it performed an electron blocking layer (EBL), or a combination of 
the hole transport layer (HTL) and EBL[221]. It was also used as an electron injection layer (EIL) 
in PLEDs[222]. Additionally, DNA was engaged in the emissive layer (EML) of OLEDs by 
intermixing DNA with fluorophores[204]. 
Water-soluble DNA and DNA-based polymers have been investigated as bulk materials in GPE 
and ion-conducting membranes for potential applications in electrochromic devices and Li-ion 
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batteries[160], [223]. As follow-up contribution, DNA-based layers have been utilized as HTM in 
dye-sensitized solar cells[224]. Recently, Kobayashi et al. demonstrated electrogenerated 
chemiluminescence (ECL) cell using an electrode that was modified with a DNA/Ru(bpy)32+ 
hybrid film[225]. An orange-color ECL was observed from only the aggregated structures in the 
small area film. Although numerous applications of DNA have been demonstrated in 
optoelectronics, there is no report on the investigation of DNA as a polymer electrolyte in LECs 
up to date. 
6.2.1.2.1 The conductivity of DNA 
DNA has excellent potential for applications in organic electronic devices so that its conductivity 
has been extensively studied in the last two decades. The results have shown a dramatic 
change in the conduction behavior, such as an insulator, semiconductor, conductor, induced- 
superconductor depending on the DNA length, base sequence, temperature, and 
environment[226]. Understanding the conductivity of DNA is essential to interpret the data 
herein; therefore, we first take a close look on DNA structure first (See Figure 6.4).  
 
Figure 6.4 The X-ray crystallography image (Photo 51)[151] of DNA indicates the helix structure of Watson-Crick 
DNA model[152] underneath (I): Illustrative scheme of base pairs and sugar-phosphate backbone in the helix 
structure (II). Schematic exhibition of hydrogen bonding between the base pairs (III), Adenine-Thymine (A-T) and 
Guanine-Cytosine (G-C). 
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The natural DNA polymer is only ~ 2 nm wide helix structure and composed of nucleotide 
chains that can be thousands of base pairs (bp) long[152]. The length of the DNA molecule 
depends on the number of base pairs (1 bp is ~ 0.34 nm). The original model proposed that 
there are ten base pairs or 3.4 nm per turn of the helix. The double helix is kept together via 
hydrogen bonds between base pairs, Adenine-Thymine (A-T) and Guanine-Cytosine (G-C). The 
phosphate backbone is negatively charged with H+ or Na+ to balance the neutrality. So that, 
DNA is an anionic polyelectrolyte, in which sodium ions Na+ counter ions can move freely along 
the macromolecule backbone[227]. 
The electrical conductivity of DNA remains debatable. In biological systems and biomaterials, 
the role of H-bonds is ubiquitous as previously discussed for gelatin. In DNA structure, the base 
pairs are kept together by highly specific H-bonding between amine (-NH or -NH2) and carbonyl 
(C=O) groups. This bonding results in π-π stacking between the nearest base pairs with a 
distance of 3.4 A°. The first theoretical suggestion by Eley and Spivey assumed that the 
delocalization of electrons through π-coupled orbitals of nucleobases might lead to an efficient 
electron transport along the DNA molecule[228]. An overview related to the complex nature of 
DNA charge transport has been published by Genereux and Barton[229]. They suggested DNA 
can conduct in semiconducting range through its sequence. As several researchers agreed on 
that conduction proceeds by hole hopping from guanine to guanine through stacked G-C pairs, 
where guanine has the highest ionization energy (HOMO) among DNA bases[230]. Recently, 
electron tunneling through DNA where tunneling is observed at shorter distances, while hole 
hopping dominates at longer distances[230], [231]. However, bulk material transport of DNA is 
different from single-stranded DNA. Direct contact techniques have indicated that DNA is an 
electrical insulator at length scales greater than 40 nm[232]. So, the electrical conductivity 
along the π-π stacked backbone is still intriguing and remains controversial.  
6.2.1.2.2 The ionic conductivity of DNA solid polymer electrolytes  
The natural DNA sodium salt (DNA--Na+) was used as SPE in the active layer of LECs. 
Beforehand, the ionic conductivity of DNA was obtained using impedance spectroscopy. 
KCF3SO3 was utilized to increase the number of ionic species in the blend. The films were 
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deposited using aqueous solutions with a solid concentration of 4 g/L DNA and dried at 55°C for 
15 min in ambient air. The Nyquist plots of impedance spectra for pristine DNA films are shown 
in figure 6.5a. The ionic conductivity (σi) of the SPE was defined using equation 1. The bulk 
resistivity (Rb) was extracted from the related equivalent Debye circuits of impedance data.  
The data for DNA:KCF3SO3 blends were reported in the master’s thesis of Guan Ni Yeo, who was 
nominally supervised by me during his studies[233]. Furthermore, the effect of drying 
conditions, plasticizer and different salt additives on the ionic conductivity were investigated in 
his thesis. Drying period for 60 min or drying under vacuum overnight lead to lower ionic 
conductivity. Annealing gave rise to aggregations in the thin film. The highest ionic conductivity 
was obtained 5.85 x 10-7 S/cm for DNA:KCF3SO3 [1:0.1] and 2.1 x 10-6 S/cm for DNA:KCF3SO3:Gly 
[1:0.1:0.3]. The higher salt concentrations resulted in reduced conductivity, possibly due to the 
lower ionic dissociation along the polymer chain. Aggregation tendency increased with the 
excess of the salt additive. Glycerol as plasticizer separates the chains and create a channel for 
ionic flow, thereby increasing the ionic conductivity.  
 
 
Figure 6.5 Nyquist plots of pristine DNA films (a) and DNA: KCF3SO3 SPE films (b). The data in (b) is adapted from the 
master’s thesis of Guan Ni Yeo, ref.[233]. For all Nyquist plots, both the imaginary (-Z”) and the real (Z’) axis are 
expressed in ohm [Ω]. 
Annealing for more extended periods reduced the hydration of samples. The lower water 
content in thin films decreased the mobility of ionic species and their contribution to 
conductivity. Water content is crucial for determining DNA conformation and ionic conductivity. 
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In the solid phase, DNA is apt to be in the A-form, because H2O molecules are not available to 
support the B-form[234]. The A-form is shorter and has a greater diameter than the B-form (see 
figure 6.6a). In the A form, the base pairs are closer to each other at a distance of ~0.25 nm, 
resulting in 11 base pairs per turn with ~2.8 nm rather than 3.4 nm. DNA shrinks when it dries 
and becomes 25% shorter than B-form. Similar to B-form, A-form double helix displayed 
distance dependency for charge transport; nevertheless, the hole transport of A-form was 
lower than B-form DNA duplexes[235]. 
   
Figure 6.6 A-form and B-form of DNA, adapted from ref.[236]. Copyright © 2014 The Royal Society of Chemistry (a). 
Fourier-transform infrared spectra of the DNA films (b). 
 
Figure 6.6b shows an expanded plot of the region between 1200 and 1450 cm-1 on Fourier-
transform infrared spectra (FTIR) of DNA film (See Figure 8.3 in the appendix section). The two 
markers exhibit the antisymmetric stretching vibrations of phosphate (νas(PO2-)) and the stretch 
vibrations of C2’-endo or C3’-endodeoxyribose of double-stranded DNA. The C–H deformation 
vibration arising from the C3’-endo deoxyribose was observed at 1417 cm-1, indicating the A-
form conformation of DNA strand[234]. According to the same report, νas(PO2-) for the A-form 
was observed at around 1240 cm-1. The conductivity results were consistent with the 
theoretical predictions, which suggested that DNA has a better base pair (bp) stacking in wet 
conditions as it maintains B-DNA compared to that in dry conditions where it is in A-DNA 
form[226].  
108 
 
6.2.1.2.3 DNA based light-emitting electrochemical cells 
DNA based SPEs were blended with water-soluble PPP polymer to deposit the active layer of 
LECs. The films were sandwiched between the ITO-glass and an Al cathode. Several w/w ratios 
of PPP:DNA at different solid concentration were tested to form the active layer of LECs. The 
current density-voltage-luminance characteristics and the device configuration are shown in 
figure 6.7. The first device exhibited the highest luminance of 1.2 cd/m2 with a turn-on voltage 
of 13.5 V for PPP:DNA:KCF3SO3 at the ratio of 1:1:0.5 (See Figure 6.7a) and the total solid 
concentration of 37.5 g/L. We assumed that the high voltage range could be related to the layer 
thickness of ~ 500 nm and a high salt ratio in the blend. As previously discussed, the high salt 
ratio gives rise to lower ionic conduction and aggregation in the thin film. The light emission 
was not homogenous over the sample pixel area and the lifetime of the device was less than 10 
seconds. After optimizing the PPP:DNA:salt ratio and the layer thickness, Guan Ni Yeo reported 
the highest luminance intensity 7 cd/m2 with a  turn-on voltage of 9.2 V for PPP:DNA:KCF3SO3 at 
w/w ratio of 5:1:0.1 in ref. [233] (See Figure 6.7b). The maximum luminance was recorded at 12 
V. However, the lifetime of the device was improved from a few seconds to only several 
minutes. No light output was obtained from pristine PPP LECs (See Figure 8.2b in the appendix), 
which then can be considered as evidence that DNA performed as an ion-solvating polymer in 
the blend. 
As previously reported by Kim et al., a low light emission (30 nW) was detected from the self-
assembled PPP layers, where PPP derivative was substituted with biphenyl groups (meaning 
that with the less number of alkyl chains)[237]. They also pointed out that EL of PPP derivative 
was found to be similar to PL[237]. Therefore, in our work, the CIE color chromaticity diagram 
of PPP was evaluated using SpectrAsis software from the fluorescence spectrum, see figure 
6.7c. 
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Figure 6.7 J-V-L characteristic of gelatin based LECs at varying w/w ratios of PPP:DNA:salt, 1:1:0.5 (a), 5:1:0.1 (b), 
insets: photographs of corresponding LECs under operation. CIE color chromaticity diagram of PPP was evaluated 
using SpectrAsis software from the fluorescence spectrum in appendix section (c). Illustrative representation of 
device configuration and top view of device under operation (d). The data in (b) is adapted from the master thesis 
of Guan Ni Yeo, ref.[233]. 
 
We determined the electrochemical stability window of DNA based SPEs by using cyclic 
voltammetry to control the possible side electrochemical reactions during device operation. 
The results are depicted in figure 6.8 and also compared to commonly used SPE systems. PEO: 
KCF3SO3 and PMMA:TBABF4 exhibited a strong irreversible reduction peak with an onset at ca. 
−1.8 V and ca. -1.9 V, respectively. The cyclic voltammogram of DNA was stable in both anodic 
and cathodic regions between the sweeping potentials of ca. +1 V and ca. -2 V. However, with 
an increase of ionic species, DNA:salt [1:0.1] seemed to be slightly doping (reduced) with an 
onset at ca. -1.25 V in the cathodic region. We assumed that the reduction of DNA might play a 
significant role in the short lifetime of a device that comprises emissive materials with a large 
band gap. The optical energy band gap was calculated 3.1 eV from the onset wavelength of the 
absorption spectrum. 
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Figure 6.8 The cyclic voltammograms of previously reported SPE system: PEO: KCF3SO3 (a), PMMA:TBABF4 (b) and 
DNA-based SPEs studied in this thesis (c). 
 
One challenging aspect of DNA based SPEs was that we deposited from aqueous solution. In 
general, water residue and water absorption of the layers in humidity may result in stability 
problems for long-term device operations. Therefore, we annealed the active layers to 
eliminate the water residue in thin films. However, the ionic conductivity of DNA layers was 
directly proportional to the water content in the device. When we dried the films at high 
temperatures or over more extended drying periods, the ionic conductivity of SPEs showed the 
dropping tendency. In short, we found it difficult to improve the conductivity of the samples, 
while preventing the adverse effect of the residual water. Another challenge was finding an 
alternate commercially available water-soluble emissive material to optimize the charge 
transport properties and improve the device performance. Consequently, we investigated 
organo-soluble biomaterials as the next step. 
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6.2.2 Organo-soluble solid polymer electrolytes 
6.2.2.1 DNA-lipid complex 
The DNA-surfactant complex was tested as SPE in LECs. DNA-hexadecyltrimethyammonium 
(DNA-CTMA) was prepared by replacing Na+ counter ions of DNA with a cationic surfactant 
group CTMA via ionic exchange. Dr. Markus Bender performed the procedure at Heidelberg 
University. The illustrative description is exhibited in figure 6.9. FTIR spectra of synthesized 
DNA-CTMA can be found in figure 8.3 (in the appendix). In FTIR spectrum, C-H stretch band at 
the wavelength number of ~ 2900 cm-1 corresponded to the aliphatic CTMA group in the 
structure. 
 
Figure 6.9 A schematic illustration of DNA-CTMA synthesis. 
 
6.2.2.1.1 The ionic conductivity of DNA-CTMA solid polymer electrolytes 
The ionic conductivity of DNA-CTMA and DNA-CTMA:salt with varying salt ratios was obtained 
by using impedance spectroscopy. Additionally, the ionic conductivity of SY:salt and SY:DNA-
CTMA:salt were gathered for interpretation of the conductivity effect on the LEC performance. 
Tetrabuthylammonium tetrafluoroborate (TBABF4) was utilized as a salt dopant in the mixture. 
The impedance measurements were analyzed and fitted with suitable equivalent circuits. The 
Debye circuit was applied for the data which did not show a grain boundary effect. When the 
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samples had grain boundaries or/and the data showed deviations from Debye semicircle, we 
used grain boundary model that was suggested by Huggins[238]. The models and Nyquist plots 
of the impedance spectra with fitting curves can be found in the appendix section. 
The highest ionic conductivity of DNA-CTMA was obtained 9.41 x10-8 S/cm which was almost 
two orders of magnitude higher than the DNA conductivity of 1.02x10-9 S/cm (figure 6.10a). The 
salt doped DNA-CTMA samples exhibited a reduced ionic conductivity. The highest conductivity 
was defined 4.6 x10-9 S/cm for DNA-CTMA:salt [1:1]. The ionic conductivity of salt doped SY 
layers was at the lower range as expected (Figure 6.10b). SY:DNA-CTMA had the ionic 
conductivity of 1.54x10-10 S/cm which was higher than pristine SY conduction at the range of  
10-12 S/cm. After adding DNA-CTMA into the SY:salt blends, the overall conductivity of SY:salt 
was improved significantly. The highest conductivity of SY:DNA-CTMA:salt blend was found to 
be 3.85x10-8 S/cm. All impedance results can be found in section 0 in the appendix. 
 
 
Figure 6.10 The conductivity results for DNA and DNA-CTMA based SPEs (a), SY:Salt and SY:DNA.CTMA:Salt (b). 
 
For a better understanding of the impedance measurements, we characterized the surface 
topography and the aggregation tendency of films by atomic force microscopy (AFM) and white 
light interferometry.  
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The surface morphology of DNA and DNA-CTMA blends were analyzed by AFM using tapping 
mode. The AFM topographic images are shown in figure 6.11. We observed rod-like large 
aggregates on the topography image of DNA:PPP as seen in figure 6.11a. As we suggested, that 
might be due to the electrostatic interactions (electrostatic repulsion) between the polyanionic 
emissive polymer PPP and polyanionic DNA.  
 
 
Figure 6.11 AFM topographic images of PPP:DNA and SY:DNA-CTMA blends with w/w ratio of [5:1] (a), SY:DNA-
CTMA:TBABF4 with different salt ratios (b). The colour scale bar in the right corner of (a) and (b) represents the 
height change of 0-200 nm and 0-100 nm, respectively. 
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Strong electrostatic repulsion between DNA strands and polyanion chains bearing sodium 
counter ions (Na+) was reported elsewhere[239]. Since DNA is a highly negatively charged 
polymer, the high polyanion concentration stabilizes DNA duplex. Such chemical interactions 
between non-ionic polymers and biopolymers, e.g., DNA and proteins were relatively 
small[239]. Therefore, the morphology of the sample comprising an ionically conducting DNA-
CTMA and a non-ionic polymer SY appeared to be more homogenous and smooth. On the other 
hand, as we discussed in the previous section, A-form conformation of DNA is valid in the thin 
film. Glassy (semi-crystalline) polymer behavior was reported for A-form of DNA in dry film 
conditions[234]. It was established that the ion transport principally occurs in the amorphous 
regions for polymer electrolytes consisting of both amorphous and crystalline fractions[118]. 
Surface morphology of SY:DNA-CTMA SPE with varying salt ratios are presented in figure 11.b. 
After introducing salt dopants into the film, the morphology remained unchanged in 
micrometric scale for DNA-CTMA:salt blend with different salt ratios. 
Figure 6.12 exhibits the white-light interferometry topographic images of DNA-CTMA based SPE 
films. Each map covers the same dimensions, and the root-mean-square (rms) is shown in the 
bottom left corner of the corresponding image. DNA-CTMA film with various salt 
concentrations showed inhomogeneous morphology in micrometer scale. With the minimum 
amount of salt ratio (1:0.1), irregularly distributed large aggregates were present. The 
morphology consisted of grain boundaries for 1:0.3 ratio. In excess of salt dopant, the clusters 
became smaller and spread over the grains. The aggregation tendency and morphology change 
are schematically illustrated below interferometric maps. We proposed that the 
inhomogeneous morphology and the aggregation in the films affected the bulk ionic 
conductivity of the solid polymer electrolyte. The 1:0.5 ratio showed the lowest ionic 
conductivity. The conductivity of the film was found to be increasing with smaller aggregates. 
The similar effect was observed in the topography images for a lower salt amount in DNA-
CTMA:Salt blend. SY:salt films (figure 8.10) showed a homogeneous distribution of surface 
morphology without any observable grain boundaries, probably due to the better 
intermixing. The white light interferometry images for SY:salt and DNA-CTMA-salt with reduced 
salt ratio can be found in section 8.6 in the appendix. 
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Figure 6.12 Interferometric topography images of DNACTMA:salt [1:X] films on glass. Each map covers the same 
dimensions: the color scale is presented in the upper right corner represents the height change. The root-mean-
square (rms) of is shown in bottom left corner of the corresponding image. Underneath: Illustrative description of 
aggregation and grain formation in thin films (b). 
 
As seen in figure 6.13, SY:DNA-CTMA:salt thin films formed more uniform layers compared 
to the results for DNA:CTMA:salt. The films showed a homogeneous distribution of surface 
morphology without any observable grain boundaries, yet the small aggregates were 
present. However, the impedance data exhibited depressed semicircles having centers lying 
below the real axis confirming the presence of the non-Debye type of relaxation phenomenon. 
The samples with high salt ratio showed two merged semicircles, which were attributed to two 
relaxation processes, as seen in section 0 in the appendix.  
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Figure 6.13 Interferometric topography images of SY:DNACTMA:salt [5:1:X] films on glass. Each map covers the 
same dimensions: the color scale is presented in the upper right corner represents the height change. The root-
mean-square (rms) of is shown in bottom left corner of the corresponding image.  
 
6.2.2.1.2 DNA-CTMA based light-emitting electrochemical cells 
DNA-CTMA based SPEs were blended with yellow emissive polymer Super Yellow (SY) as the 
active layer of LECs. The films were sandwiched between the ITO-glass and an Ag cathode. The 
current density-voltage-luminance characteristics, electroluminescence, and the device 
configuration are shown in figure 6.14. The turn-on voltage of devices ranged between 3.5-10 
V. An improved conductivity due to the higher number of ionic species in the blend resulted in 
lower turn-on voltages. The LECs showed a maximum luminance at the range of 1500-2000 
cd/m2. The highest luminance intensity was obtained 1544 cd/m2 with the lowest turn-on 
voltages of 3.5 V for SY:DNA-CTMA:salt blend (5:1:1). Electroluminescence (EL) of SY OLED and 
SY LEC with DNA-CTMA based SPEs are shown in figure 6.14c. The identical EL data indicates 
that DNA-CTMA did not optically interact with SY. According to the CIE color chromaticity 
diagram, color emission (x=0.48, y=0.51) was similar to SY reference OLEDs. A sketch of device 
configuration and a photograph of DNA-CTMA based LEC under operation are shown in figure 
6.14d. The sample exhibited homogenous light over the pixel area. The photos of the pixels of 
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DNA-CTMA based LEC with different salt content are presented in figure 6.15. Homogenous 
light output was observed for all the blends. 
 
 
Figure 6.14 Current density voltage (a) and luminance-voltage characteristic (b) of DNA-CTMA based LECs. 
Electroluminescence spectrum of SY OLED (reference) and SY LEC (c), inset: CIE color coordinates of SY LEC. A sketch 
of device configuration and a photograph of DNA-CTMA based LEC under operation (d).  
 
 
Figure 6.15 Photographs of DNA-CTMA based LEC under operation. Each pixel corresponds different salt content in 
the blend of SY:DNA-CTMA-TBABF4  [5:1.:x]. 
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SY:TBABF4 LECs were built as the reference cells to investigate the influence of SPE on the 
device performance. The current-density-voltage-luminance results for SY LECs (reference) are 
depicted in figure 6.16. The maximum luminance intensity ranged between 1600-1800 cd/m2 
with the turn-on voltages of 6.2-11 V. The reference devices exhibited a lower luminance 
intensity comparing to SY LECs including DNA-CTMA based SPEs. Furthermore, the turn-on 
voltages were obtained about 2 V higher than SY:DNA-CTMA LECs. The highest luminance 
intensity was obtained 244 cd/m2 at 8 V with the lowest a turn-on voltage of 6.2 V. Under same 
operational conditions, inhomogeneous light output was observed for the reference cells. 
 
 
Figure 6.16 J-V-L characteristics of SY:salt (reference) cells. Inset: A photograph of device pixel under operation. 
 
The lifetime of SY:DNA-CTMA LECs were investigated, and the results are shown in figure 6.17. 
The time-dependent voltage and luminance characteristics of SY:DNA-CTMA:TBABF4 with the 
ratio of 5:1:0.1 were defined at a constant current density of 20 mA/cm2. The lifetime of the 
device was around one hour. In figure 6.17b, an initial decrease of the operational voltage for 
SY:DNA-CTMA:TBABF4 with a ratio of 5:1:0.5 was observed as the typical turn-on behavior of 
LECs. During galvanostatic operation at a set current, a decrease in voltage by time was typically 
taken as proof of in situ electrochemical doping in LECs[180]. A higher amount of ionic species 
grants a rapid ionic transport, resulting in faster electrochemical doping of the semiconductor 
at the electrode interface. The voltage drop was also observable at the beginning of the lifetime 
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measurements. The lifetime graphs were recorded at galvanostatic mode with three different 
constant current densities: 20 mA/cm2, 18 mA/cm2, 29 mA/cm2 for the salt content of x:0.1, 0.3 
and 0.5, respectively. Both the fraction and the operation conditions affected the lifetime and 
the maximum luminance of LECs. As reported previously, a faster turn-on time with the shorter 
lifetime was detected, when LEC was comprising a larger amount of SPE[240]. Additionally, a 
higher current density accelerated the undesired side reactions, which then limited the 
operational lifetime[241]. 
 
Figure 6.17 The time dependent voltage and luminance characteristics of SY-DNA-CTMA:TBABF4  at different ration 
(5:1:x). The measurements were conducted at constant current densities of 20 mA/cm2, 18 mA/cm2 and 29 mA/cm2 
for the salt concentration x=0.1, 0.3 and 0.5, respectively. 
 
The oxidation and reduction onsets of CP should not exceed the oxidation and reduction 
potentials of electrolyte to eliminate irreversible electrochemical side reactions [126], [127]. In 
other words, p and n doping of the semiconductor are expected to remain within the 
electrochemical stability window of SPEs for device stability. Therefore, solid polyelectrolytes 
with larger electrochemical stability windows were engaged in the active layer to improve the 
120 
 
device stability[115]–[117]. HOMO-LUMO levels of DNA-CTMA were already reported as 5.6 eV 
and 0.9 eV, respectively[221]. The HOMO-LUMO levels of SY were estimated 5.45 eV and 2.95 
eV from the cyclic voltammograms in Chapter 5. The reduction potentials of SY stayed within 
the electrochemical stability window of DNA-CTMA. However, the higher salt amount in the 
blend resulted in shortening the device lifetime. We speculated that it might be associated with 
irreversible side reactions, due to the increased number of ionic species in the blend. 
In polymer LECs, polymer blends in the active layer encounter a phase separation issue, which 
plays a critical role in device performance. Phase separation is a well-known phenomenon, due 
to the mismatch polarity between non-polar conductive polymer and a polar SPE, that we 
previously reported for PMMA:SY LECs[183]. A similar problem was also observed while testing 
other biodegradable polymers in our group. For instance, poly-Lactic-co-glycolic acid (PLGA) 
with the monomer ratio of 85:15 was examined by Bohui Wang in her master’s thesis that was 
nominally supervised by me[242]. The device exhibited the maximum luminance of 1081 cd/m2 
at the lowest turn-on voltage of 4.3 V. After that, we reported PLGA with different monomer 
ratios, resulting in the highest luminance intensity of 3800 cd/m2 with the turn-on voltage of 
4.1 V for the monomer ratio 85:15[243]. A drawback of SY:PLGA was that they tend to phase 
separate in the film. Cao et al. demonstrated that the device performance was significantly 
improved when the phase separation was minimized via better polarity match of the 
components[244]. Therefore, another biodegradable polymer, polycaprolactone (PLC) was 
tested as an ion-solvating polymer in LECs by our group[245]. No phase separation was 
observed for the device that shows the highest luminance intensity of 262 cd/m2 with a turn-on 
voltage of 3.8 V. The surface morphology of SY:DNA-CTMA blends with the ratio of 5:1 was 
investigated by using fluorescence microscopy, and the images are depicted in figure 6.18. 
SY:DNA-CTMA did not exhibit any phase separation in figure 6.18b while presenting only small 
aggregates in 6.18a. 
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Figure 6.18 Fluorescence microscopy images of SY:DNA-CTMA (with w/w ratio of 5:1)  films. 
 
6.3 Conclusion 
The main focus of this chapter was the investigation of natural biopolymers as solid polymer 
electrolyte in LECs, considering their potential applications in future biodegradable 
optoelectronics.  
First, the water-soluble gelatin and deoxyribonucleic acid (DNA) based polyelectrolytes were 
tested in the active layer of LECs. The salt dopants at varying ratios were utilized as the 
additional ionic source to enhance the ionic conductivity of SPE systems. Additionally, the 
plasticizer effect was taken into account for the improvement of ionic conductivity. The 
maximum ionic conductivity of gelatin based SPEs was obtained 5.51x10-8 S/cm for gelatin:salt 
and 8.31x10-9 S/cm for gelatin:salt:glycerin blends. The ionic conductivity of DNA was found to 
be at the range of 10-9 S/cm. The highest ionic conductivity of DNA:salt and DNA:salt:plasticizer 
was reported before as 5.85 x 10-7 S/cm and 2.1 x 10-6 S/cm, respectively[233]. The ionic 
conductivity was increased by doping the layers with salt and plasticizer. The SPEs were mixed 
with water-soluble blue-emissive polymer PPP to form the active layer of LECs. Gelatin based 
blue LECs exhibited the highest luminance of 1.2 cd/m2 at ~8.5 V. A non-uniform light emission 
was observed with a very short lifetime for ten seconds or less. The highest luminance intensity 
of 7 cd/m2 with a turn-on voltage of 9.2 V was obtained for DNA-based LECs. The device 
showed homogenous light output over the pixel area, yet the lifetime of the device was only 
several minutes.  
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The challenging aspect of gelatin and DNA based SPEs was that they were deposited from 
aqueous solution. The amount of water resided in gelatin and DNA would be detrimental for 
the lifetime purposes of electroluminescent devices. When the layers were annealed to 
eliminate water residue in the films, the ionic conductivity of layers was decreased. In short, it 
was difficult to improve the conductivity, while preventing the adverse effect of the residual 
water. Another issue was finding commercially available water-soluble emissive materials to 
test for better device performance.  
As the second part of this chapter, we used modified DNA as the ion-solvating polymer in LECs. 
The DNA-surfactant complex (DNA-CTMA) is organo-soluble material due to the lipid surfactant 
CTMA group in the structure. The ionic conductivity of DNA-CTMA with the salt additive at 
varying ratios was defined. The highest ionic conductivity was obtained 9.41 x10-8  S/cm and  4.6 
x10-9 S/cm for DNA-CTMA and DNA-CTMA:salt, respectively.  For a better understanding of the 
ionic conductivity change, the surface topography and aggregation tendency of the films were 
investigated. We assumed that the inhomogeneous morphology and aggregation in the layers 
affected the bulk ionic conductivity of SPEs. The active layers of LECs exhibited more 
homogenous morphology when they were composed of the SPEs and the yellow emissive 
polymer (Super Yellow). The conductivity of SY:salt blends (reference cells) was significantly 
improved by introducing DNA-CTMA into the mixture. The DNA-CTMA based yellow LECs 
showed the maximum luminance intensity at the range of ~1500-2000 cd/m2 with the turn-on 
voltage of 3.5-10 V. The higher number of ionic species in the blend resulted in a lower turn-on 
voltage. Electroluminescence of LEC was identical to reference SY OLED, showing the same CIE 
color coordinates. All samples with varying salt content exhibited homogenous light over the 
pixel area. The lifetime was around 1 hour for the device with the lowest salt content. In short, 
the first part of the chapter was the proof of concept for the implementation of biopolymers in 
LECs. The results of the second part the study related to organo-soluble materials were 
promising for further development. 
Chapter 7  
Summary and outlook 
 
Thanks to tremendous efforts in the field, OLEDs are now at the largest share of the organic and 
printed electronics market[7]  after 30 years of their invention. Due to their flexibility, 
lightweight, thin and highly efficiency structure, OLEDs have suited well with display 
technology. There are still challenges that need to be overcome. Some of these challenges are 
finding low-cost, flexible and stretchable barrier films, require of air-stable cathode materials 
and adapting cheap, high throughput methods for roll-to-roll manufacturing. In this context, 
LECs can serve as suitable alternative electroluminescent devices for particularly solid-state 
lighting (SSL), due to their simple device structure bearing air-stable cathodes and easy-
processed fault-tolerant layer thickness[16]. However, the performance concerning lifetime and 
efficiency must be improved to make LECs competitive technology in the market. 
In this final chapter, the contributions of our work in the field will be summarized first. After, an 
outlook for further research suggestions arising from the findings of this dissertation will be 
given. The viability of the organic light-emitting devices regarding the device stability and 
efficiency, as well as the cost, will be overviewed for future perspectives. 
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7.1 Summary 
To wrap the whole story, we applied sustainable materials and processing techniques for the 
solution-based engineering of the organic light-emitting devices at the interface between 
device processing, material functionality, and device architecture (see figure 7.1). We deposited 
the organic layers by using either well-established solution processing methods such as spin 
coating and doctor-blading, or gravure printing which was highlighted as an alternative 
technique to scale up the production. We utilized different type of materials including organic 
semiconductors (small molecular weight material and conductive polymers), electrically inert 
host polymers, emissive and non-emissive polyelectrolytes in the different layers of altering 
device architectures depending on their functionalities. Organic light-emitting diode and light-
emitting electrochemical cell structures were two main device types that were commonly 
implemented in our work. Alternatively, we suggested a hybrid device architecture uniting 
OLED and LEC functionalities in one single cell. All findings were examined in three main parts. 
 
 
Figure 7.1 Interface between device processing – materials – device architecture. 
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In the first part, we presented the implementation of the gravure printing technique for the 
organic layers of flexible small molecule organic light-emitting diodes (OLEDs) and small 
molecule light-emitting electrochemical cells (SMLECs). The homogeneous printed films were 
granted either via tuning the functional ink properties or changing the parameters of the 
printing process. For this context, we considered the ink viscosity, the surface tension and 
solvent drying kinetics of the functional inks for the printability of active layers of SMOLEDs. The 
process parameters, particularly the gravure cell parameters (e.g., line screen and tone value) 
were altered to obtain sufficiently thin, homogenous active layers of SMLECs. In both cases, a 
common method of merging small molecules in inert polymer matrix was utilized as an 
approach to adjust the rheological behavior of the small molecule inks to a printable range. 
Additionally, the host materials assisted better device efficiencies via suppressing the small 
molecule aggregation in the solid film. The film morphology was analyzed in a qualitatively and 
quantitatively. After adjusting the parameters which are mentioned above, the homogenous 
printing outcomes were successfully applied in the emissive layer of organic light-emitting 
devices on flexible plastic substrates. The results, in terms of device efficiency and functionality 
with air-stable electrodes, showed that the gravure printing method would be a viable method 
for roll-to-roll (R2R) manufacturing of small molecule based devices in the future.  
The second part described a hybrid device architecture for a simultaneous color-tuning and the 
white light emission in polymer OLEDs bearing air-stable electrodes. We fabricated the device 
by depositing a single component LEC on top of a conventional polymer OLED stack. The single 
layer LEC acted as the second emissive layer while maintaining the charge injection from an air-
stable cathode into the emissive layer of OLED. Thus, two components dominated the overall 
device emission resulting in color-tuning at varying layer thicknesses of the LEC. The emission 
color of the bilayer device was shifted from the yellow-green region to the edge of the white 
light region on the CIE color chromaticity diagram by increasing the thickness of the LEC. The 
electroluminescence with a high color temperature demonstrated that this approach would be 
beneficial for white-light OLEDs bearing air-stable electrodes.  
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In the last part, we investigated biodegradable materials as solid polymer electrolytes (SPEs) for 
LECs. Gelatin, deoxyribonucleic acid (DNA), and modified DNA were utilized as SPEs and 
intermixed with different emissive polymers to form the active layer of LECs. As the first step, 
naturally derived, water-soluble polymers; gelatin and DNA were tested as ion-solvating 
polymers in the emissive layer. We modified the ionic conductivity of SPEs with the addition of 
salt and plasticizer dopants. We optimized the thin film formation and ionic conductivity of 
SPEs, accordingly. Additional to that, the electrochemical stability window of SPEs was defined 
to eliminate probable irreversible electrochemical side reactions during device operation. The 
poor device performances were related to the water residue in the blends. Since residual water 
would be detrimental for long-term device operations, we focused on the organo-soluble 
biomaterial based SPEs as the second step. We successfully implemented organo-soluble DNA-
surfactant complex (DNA-CTMA) as SPE in LECs, where SPE was obtained by ionic exchange of 
the counter ions on DNA helix. The DNA-CTMA based SPE was doped with salt to enhance the 
ionic conductivity. A detailed surface topography analysis was conducted to characterize the 
phase separation between the polymer components and the aggregation tendency in the active 
layer of LECs. The results showed that biodegradable materials were adaptable as 
polyelectrolyte systems for LECs.  
7.2 Outlook 
Today, people are more aware of the environmental impact of electronics as a result of growing 
energy consumption and electronic waste, so that they have started to take reasonable steps 
towards a sustainable future. Researchers draw the attention of international policymakers for 
setting up new policies to reduce the ecological and health effects of electronic waste[12]. In 
recent years, there is a robust global momentum towards more energy efficient lighting by 
switching from halogen to LED bulbs. The National Academies Press 2017 reports that 
incandescent lamps will phase-out in 23 countries and regions[246]. For instance, the sale of 
halogen lights has been already restricted in German starting from 2009[247]. As another 
example, the International Year of Light 2015 was organized to raise awareness of the 
achievements of light science and its applications, and its importance to humankind[248]. 
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The development of cheap, sustainable, and efficient electroluminescent devices remains the 
main focus of the material science and engineering field. According to Japan Display Inc. report, 
the power consumption of OLED panels has been dramatically reduced by 98% since the 
beginning of 2008[249]. Another critical point is how to fabricate a product by an 
environmentally friendly and economically feasible way. Printing can be considered as 
sustainable process technology that applies to R2R industrial manufacturing to reduce the 
production cost. In recent years OLED display manufacturers have started to develop ink-jet 
printed prototypes. Japan OLED display company JOLED Inc., which produced the first ink-jet 
printed OLED displays in 2017, intends to solicit $900 million to start mass production in 
2019[250]. Cambridge Display Technology Ltd. offers printed small scale flexible OLED displays 
as low-cost everyday use products[251]. Even though ink-jet is a suitable process for pixelated 
displays, the main drawback is the limited resolution and the need for soluble and efficient 
materials. In this context, gravure printing with high resolution at high throughput 
properties[135], [145] would benefit large scale R2R fabrication of lighting, packaging products. 
Therefore, we adapted gravure printing technique for highly efficient small molecule based 
OLEDs and LECs using halogen-free solvents for upscaling purposes. For future studies, the 
micro-gravure method with advanced controlling in layer thickness and roughness (20 nm 
thickness, ~ 3-5 nm roughness) might be considered for printed electronics[252]. 
The lamination is still a hurdle for printed OLEDs, concerning to find low-cost and flexible 
barrier foils[7]. Therefore, seeking air-stable electron injection materials or different device 
architectures allowing electron injection from air-stable cathodes is another central topic in the 
field. In hybrid device architecture that we suggested for white light emission, the active layer 
provided electron injection from air-stable cathode while maintaining dual color emission. For 
general lighting applications, white light is required[28]. However, in our work, CRI and 
luminance values were lower compared to commercially available OLED panels. Different 
emissive materials might be tested to enhance the performance of the hybrid structure. 
Additionally, the need for stable blue emissive materials in the field remains challenging[253]. 
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LECs have drawn intense attention with their simple device structure bearing air-stable 
cathodes[15] and easy processability[78]. However, they are not very well-suited for the state-
of-the-art display applications, due to their relatively slow turn-on time[254]. They are suitable 
for integration in smart packaging, illumination, signage and healthcare devices[255]. After 
intense effort on understanding their complex device physics, LECs moved from fundamental 
science to industrial applications. Swedish company LunaLEC AB holds the patent of the first all-
organic LEC and offers several prototypes with a minimum cost of 50 €[255]. According to cost 
analysis report on the fabrication of LECs, in the case of using high-throughput R2R processing 
techniques and low-cost materials, LEC can compete with other SSL technologies concerning 
price[256]. As pointed out in the report, the operational stability and efficiency of LECs should 
be improved for viability. Very recently, researchers developed LECs with a high brightness of 
2000 cd/m2 at 27.5% EQE[257]. 
Another important argument in the field of organic electronics is to replace the synthetic 
polymers with biopolymers to achieve biodegradable, biocompatible electronics for a 
sustainable future. The biomaterials have been already well integrated with biocompatible 
electronics[1] and implemented in different layers of OLEDs[206]. Testing low-cost and 
sustainable materials for LECs would be also beneficial for future technology. Therefore, we 
utilized different biodegradable natural polymers in the active layer of LECs. However, ionically 
and electrically conducting materials (DNA and DNA-CTMA) were considered in the charge 
transfer of the layers. Researchers can test different systems by intermixing DNA with different 
emissive polymers or small molecules for future work.  Halogenated solvents were used in this 
part of the study. Chlorinated solvents should be eliminated due to their toxicity and 
environmental effects during device processing[258]. The biodegradability of SY and PPP 
remains unknown. Therefore, the biodegradability of emissive materials and salts might be 
investigated as well. Recently, as our ultimate goal to combine biomaterials with the cleaner 
manufacturing processes, our group published fully biodegradable printed LECs as a follow-up 
work of this thesis[259]. The results were promising for further research activities. Hence, I 
believe that there is an excellent future for printed and bio-based light-emitting devices. The 
material research and development will be the critical parameter for future advancement. 
Chapter 8  
Appendix 
 
8.1 Synthesis and characterization of PFNCl 
  
Figure 8.1 The synthesis route of the PFN and PFNCl polymers. 
Dr. Petzoldt at Heidelberg University synthesized the PFNCl polymer by following the synthetic 
route that is illustrated above in figure 8.1. The detailed synthesis was described in ref.[186]. 
The characterization of the polymers, H-NMR, C-NMR data, and infrared spectra can be found 
in the dissertation of Dr. Petzoldt[148].  
 
130 
 
8.2 Film formation of gelatin 
The plasticizers were used as the cross-linker to modify the mechanical strength of gelatin, as 
well as the film formation. The higher solid concentrations (sample no: 1-2) resulted in a hard 
gelatin or very viscous gel formation which did not allow film casting.  
Table 8.1Summary of different gelatin solutions in 1 mL H2O and their related film formations. 
No Gelatin Plasticizer Processing method Layer thickness 
1 133 mg 13 mg Glu - brownish soft plastic 
2 133 mg ~0.26 mg Glu - viscous gel 
3 80 mg - spin-cast ~800 nm 
4 60 mg 2 mg Glu spin-cast 460-485 nm 
5 30 mg 1 mg Glu spin-cast 110 nm 
drop-cast 10µm 
6 30 10.5 mg Gly spin-cast 265 
7 - spin-cast ~170 
7 15 5.25 mg Gly spin-cast 120-130 
8 - spin-cast 90-100 
All solutions were prepared in 1 mL water and heated at 50°C. Thickness variations indicate to change in the 
solution temperature. Abbreviations for the plasticizers; Glu=Glutaralydeyde and Gly=Glycerin. 
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8.3 Absorption emission of PPP 
 
Figure 8.2 Normalized absorption and fluorescence spectra of PPP (a). For the optical characterization of the 
emissive polymer, a 50 nm thick film of PPP was deposited on glass. J-V-L characteristic of pristine PPP LEC. 
 
8.4 Infrared spectra of DNA and DNA-CTMA 
 
 
Figure 8.3 FTIR spectra of DNA and modified DNA with CTMA surfactant. DNA-CTMA s1 and s2 attributes to 
modification of DNA-CTMA at different time period.  
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Figure 8.3 shows the Fourier-transform infrared spectra (FTIR) of DNA and DNACTMA which 
were obtained by Dr. Sebastian Beck. The characteristic FTIR bands of DNA[260] were detected 
at 2926 and 2846 cm-1, C=O stretching at 1647 cm-1, C-N stretching at 1231 cm-1, P-O at 1088 
cm-1, C-O at 1052 cm-1, and CO bending at 962 cm-1. The list of characteristic infrared band 
positions of DNA is summarized in Table 8.2. C-H stretch band at the wavelength number of 
~2900 cm-1 corresponded to the aliphatic hexadecyltrimethylammonium group in the structure 
of DNA-CTMA. 
Table 8.2 The list of characteristic infrared bands of DNA, compiled from an available reference data[260]. 
FTIR Band [cm−1] Assignment 
970 Strongly coupled sugar–phosphodiester  
1064 Vibration of ribose (C-C sugar)  
1050–1100 Band due to the symmetric stretch PO2- emerges in phospholipids 
1236 Antisymmetric stretching vibration of the phosphate group PO2-, marker of B-form DNA 
1200–1250 Phospholipids, occupied mainly by the intense band due to the antisymmetric PO2- 
stretching mode 
1328 Thymine aromatic amine stretch 
ca. 1500 DNA in-plane vibrations related to G–C and A–T base pairs 
1710–1715 Guanine carbonyl vibration stretch C-O 
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8.5 Impedance results of DNA-CTMA based SPEs 
The equivalent circuits that were used to fit data of the impedance results and related Nyquist 
plots are shown in figure 8.4. The ionic conductivity (σi) of the SPE was calculated using either 
the bulk resistivity, Rb of associated Debye circuit or Ri of the equivalent circuit for grain 
boundaries. The impedance measurements were analyzed and fitted with the suitable 
equivalent circuits. We utilized the Debye model composed of a bulk resistance and a constant 
phase element (Rb//CPE) connected in series for the samples with no grain boundary effect. For 
the other samples presenting some deviations from a Debye semicircle, we applied the grain 
boundary model. Huggins suggested the model[238] describing a complex impedance plane 
plot with two semicircles. In this circuit, he connected a parallel Rgb/CPEgb in series to the ionic 
resistance (Ri). He referred Rgb to the resistivity of the grain boundaries. In both models, we 
implemented a CPE instead of capacitance.  
The Nyquist plots of the impedance spectra of DNA-CTMA based SPE films are shown in figure 
8.5 and figure 8.6. The impedance data for SY:DNA-CTMA:salt and SY:salt blends are depicted in 
figure 8.7 and figure 8.8, respectively.  
 
  
Figure 8.4 Equivalent circuit models: Debye model (a) and grain boundary model (b). Both models are modified 
using  the equivalent circuits in ref. [238]. 
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Figure 8.5 The Nyquist plots of impedance spectra for DNA-CTMA. For all Nyquist plots, both the imaginary (-Z”) 
and the real (Z’) axis are expressed in ohm [Ω]. 
 
 
Figure 8.6 The Nyquist plots of impedance spectra and fitting curves for DNA and DNA-CTMA.based SPEs. 
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Figure 8.7 The Nyquist plots of impedance spectra and fitting curves for SY:DNA-CTMA:salt blends. 
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Figure 8.8 The Nyquist plots of impedance spectra and fitting curves for SY:salt mixtures. 
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Table 8.3 The ionic conductivity results of DNA and DNA-CTMA based SPEs. 
 
Table 8.4 The ionic conductivity results of SY:DNA-CTMA:salt blends. 
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Table 8.5 The ionic conductivity results of SY:salt blends. The layer thickness is 90 nm for the all samples. 
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8.6 While light interferometry images of SY:salt blends 
 
Figure 8.9 Representative white light interferometric maps for SY:salt blends. 
 
 
Figure 8.10 White light interferometry topography images of DNA-CTMA SPEs with reduced salt content. 
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